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Abstract
Many space structures must maintain dimensional stability to allow
accurate and precise pointing of instruments and communication equipment.
Such structures are subject to a continuously changing space thermal
environment and may, if improperly designed, experience unacceptable
deformations. Thermal analysis of space structures can be difficult and time
consuming due to the complex thermal environment, and for spacecraft
design purposes, multiple orbit scenarios and structural configurations must
be analyzed.
In this thesis, an analytical approach which allows the efficient
thermal analysis of a space structure is presented. The analysis considers an
insulated space structure operating in the space shuttle payload bay. The
thermal analysis assumes that the thermal resistance of the insulation is
very large, which allows a decoupling of the nonlinear radiation environment
model from the linear internal conduction model.
The payload bay thermal environment is first characterized in terms of
the transient thermal response of the exterior surface of the insulated
structure. Two linearized models of the insulation are developed. The
surface (environment) temperatures and the insulation models are input as a
linear boundary condition to a linear conduction finite element model to
compute the transient thermal response of the structure. The structural
temperature distribution is then applied to a compatible structural finite
element model to compute the thermal deformations.
The effects of various orbit scenarios on the thermal deformations of a
conceptual structural design of the Stellar Interferometer Tracking
Experiment (SITE) are examined. These preliminary results indicate that for
the first-cut SITE design, the thermally induced structural response may
cause a significant performance degradation. Thus the thermo-structural
analysis is essential in the design process and a successful design will require
iterative thermo-structural analyses to meet the functional requirements of
SITE.
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1 Thermal Deformation of Space Structures
Many space structures must maintain dimensional stability to
accomplish their missions. Thermal deformations of space structures that
support communication antenna systems, optical systems and other high
precision instruments must be minimized to allow pointing and alignment
accuracy. Such structures are subjected to a continuously changing space
thermal environment and may, if improperly designed, experience
unacceptable thermally induced deformations. For instance, misalignment of
telescope optical instruments on board the Infrared Astronomical Satellite
was observed in flight due to thermal bending of the main shell of the
telescope [1]. Non-uniform solar heating of the main shell created a
temperature gradient in the shell. Dynamic thermally induced responses
have also been observed in space structures. Shortly after the Hubble Space
Telescope was deployed in April 1990, it encountered pointing problems due
to the thermally induced vibrations of the solar arrays upon entering and
leaving the Earth's shadow. These vibrations were caused by the bending of
the solar array due to thermal gradients in the solar array booms [2]. A
similar problem occurred with the flexible boom on the Ulysses spacecraft en
route to Jupiter. The bending of the boom caused the spacecraft to wobble,
causing the data transmission antenna to be misdirected [3].
For a successful mission, the spacecraft must be designed to operate in
all the thermal environments that it encounters. The heat sources, which
include the sun and the planets, and the heat sink of cold space constitute the
external thermal environment. In a low-Earth orbit (LEO), the environment
changes drastically when the spacecraft passes in and out of the sunlight,
and thus the spacecraft undergoes large temperature variations. In a
geosynchronous orbit (GEO), spacecraft experience long periods of solar
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heating or cooling in the Earth's shadow, and thus more severe temperature
extremes [4]. Interplanetary spacecraft encounter various thermal
environments, which may include the hot environment of Venus and the cold
environment of Jupiter in addition to the launch vehicle and parking orbit
environments.
With the advent of the Space Transportation System (STS), spacecraft
can be placed into an Earth orbit, interplanetary spacecraft can receive an
initial boost, and flight experiments can be conducted. The shuttle operates
in a low-Earth orbit with the cargo doors open and thus the payload is
exposed to the LEO thermal environment. The payload experiences various
thermal environments depending on the mission. The bay thermal
environment strongly depends on the orbital parameters and the shuttle
orientation. Figure 1.1 illustrates the effect of the orientation on the STS bay
thermal environment. For example, the solar inertial attitude, where the bay
always points at the sun, induces a hot environment, as expected. The other
shuttle attitude shown in the figure, referred to as the orbital rate attitude,
induces a cold environment because the bay always points away from both
the sun and the Earth.
The thermal environment may become even more complex due to
shadowing effects and other heat loads, which include Earth-emitted
radiation and Earth albedo (solar radiation reflected off the Earth). In
addition to the continuously changing thermal environment as a result of
leaving and entering Earth's shadow, parts of the payload structure may be
in local shadow (i.e. the incoming sunlight or the Earth-emitted and reflected
radiation may be obscured by the bay walls) (Fig. 1.2). When the bay is in
sunlight, internal reflections of the solar radiation further complicate the bay
environment. These orbital and geometric parameters and their time-varying
nature can lead to complicated differential heat loads on the structure in the
STS bay and induce significant changes in the shape of the structure.
In practice, thermal engineers use several techniques to control
thermal deformations. Both passive and active thermal control elements
have been used on various spacecraft. Thermal control coatings or films are
applied to exposed surfaces to control the heat exchange between the
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Figure 1.2 Local shadowing effects in STS bay
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structure and the environment. Most space structures are protected by
multilayer insulation (MLI) thermal blankets to reduce the structural
sensitivity to large fluctuations of the thermal environment [5]. MLI tends to
decouple the structure from the environment [6]. Active control elements
such as pumped loop heat pipes are also used to spread the heat more evenly
to reduce thermal gradients in the structure and to eliminate hot spots. To
prevent cold spots, heaters are often used. Another common design approach
is athermalization. Athermalization is the design of structures such that the
structure is insensitive to temperature change, and the net thermal distortion
is zero [7]. Composite materials, whose coefficients of thermal expansion are
low, have also been used to reduce the thermal deformations.
The thermal control elements required for a spacecraft are usually
determined based on complex thermal analyses. Thermal analyses of space
structures can be difficult and time consuming for two reasons. First,
continuously changing orbital heating, shadowing effects, and other
geometric effects create a complex thermal environment. The nonlinear
radiation coupling between the environment and the structure further
increases the complexity of the analysis. Second, the spacecraft is subject to
numerous time-varying orbital attitudes, and for spacecraft design purposes,
multiple structural configurations must be analyzed. Repeated runs of
analyses can demand a large amount of time and computing power. As an
example, the Stellar Interferometer Tracking Experiment (SITE) is a flight
experiment of an optical interferometer operating in the space shuttle
payload bay. SITE requires the shuttle to point at many target stars, and
thus SITE is exposed to many different aspects of the space environment. To
operate successfully, the SITE structure must remain both thermally and
dynamically quiet [8]. Hence, the design of SITE entails the thermal analysis
of multiple structural configurations in the complex cargo bay thermal
environment under multiple mission scenarios.
In this thesis, an analytical approach to obtain the transient thermo-
structural response of a space structure operating in the shuttle payload bay
is developed. The structure is protected by MLI, and the thermal analysis
assumes that the thermal resistance of the MLI is very large, which allows a
decoupling of the nonlinear radiation environment model from the linear
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internal conduction model. First, the shuttle bay thermal environment is
characterized. The MLI is mathematically modelled as a linear thermal
conductance between the environment and the structure. The environment
and the MLI models are input as a linear boundary condition to a linear
thermal finite element model to compute the temperature solution. Then the
nodal temperatures are input to a structural finite element model to
determine a static structural response.
This technique is applied to a conceptual structural design of SITE for
a preliminary evaluation of the effects of thermal deformations on SITE
performance. Thermal environments for various shuttle orientations are
investigated to understand the critical parameters such as the orbit
parameters, shuttle orientation, and SITE structural design.
The next chapter contains background material on SITE and a
literature review of issues involving thermal analyses of space structures.
The problem definition and the approach to the problem are described in
Chapter 3. The analysis begins in Chapter 4 with the characterization of the
shuttle payload bay thermal environment, followed by the development of the
linearized model of the insulation in Chapter 5. The finite element models
are discussed in Chapter 6. Numerical results for a conceptual structural
design of SITE are presented in Chapter 7. Preliminary results of the effect
on the performance of SITE are also shown. Finally, the thesis concludes
with a discussion of the results and possible recommendations.
2 Background
This chapter begins with the motivation for, and the objective of, the
SITE project. A discussion of the space thermal environment is presented
next, including uncertainties in this environment. The remaining section
presents a literature review and a discussion of issues involved in the
thermo-structural analysis of space structures.
2.1 Space-based interferometer
Telescopes have evolved significantly since Galileo first used a
telescope to observe celestial bodies in 1610. New technologies have been
developed and employed to attain the high angular resolution, sensitivity,
and optical precision required to observe some of the most faint and distant
celestial objects. Telescopes have become larger and larger because the
performance of a telescope increases with the size of its aperture [9]; in 1976,
a telescope with a six-meter aperture was constructed in south-western
Russia [10].
About two and a half centuries after the advent of the telescope, a new
instrument, the interferometer, was built by Michelson, and it is now
becoming another key instrument for scientific observations of celestial
objects [11]. A stellar interferometer uses two or more discrete telescopes to
collect stellar light. These light beams then go through internal optics where
they combine constructively and destructively, creating interference fringes.
These fringes can be detected, and the resulting information can be used for
imaging and other scientific purposes. The performance of an interferometer
is directly related to its baseline distance, the distance between the discrete
telescopes. The key advantage of an interferometer over a telescope is that
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an interferometer attains the same angular resolution as a telescope whose
aperture is as big as the baseline of the interferometer [12].
However, the capabilities of ground-based telescopes and
interferometers are limited by the Earth's atmosphere. Space-based
telescopes stationed beyond the atmosphere can overcome this limitation,
allowing a further increase in astrometric accuracy and in resolution for
imaging. Most recently, the Hubble Space Telescope (HST) proved that its
capabilities and performance exceed those of any ground-based astronomical
instrument. The HST has made significant contributions to the scientific
community. Yet the HST does have its limitations, and room for
improvement exists. To further improve upon the performance of the HST, a
larger mirror is required. But construction and deployment of a larger space-
based telescope would be very costly and difficult. Thus, a space-based stellar
interferometer would be the next logical step towards a less expensive and
more technologically advanced astronomical observatory. In the following
section, a flight experiment, the Stellar Interferometer Tracking Experiment
(SITE), proposed by the Space Engineering Research Center (SERC) at the
Massachusetts Institute of Technology (MIT) and the Jet Propulsion
Laboratory (JPL), is described.
2.2 Stellar Interferometer Tracking Experiment (SITE)
In Ref. 8, the SITE project is described in detail. One of the main
objectives of the SITE experiment is to demonstrate the ability to achieve a
high angular resolution in the space environment via the use of
interferometry. SITE consists of a Precision Optics Bench (POB) and an
Experimental Support Module (ESM). The POB contains the optical
elements, and the ESM contains the electronics needed to operate the POB.
The POB operates in the shuttle payload bay.
A common stellar wavefront impinges on the light collecting mirrors,
called siderostats, located at the two ends of the POB. Two light beams
collected by the siderostats pass through internal optics and are directed into
a detector where they interfere (Fig. 2.1). The path length of one of the light
beams consists of the external distance from the common wavefront to the
siderostat, LIE, plus the distance the beam travels through the internal
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Figure 2.1 Schematic diagram of an interferometer [8]
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optics to the detector, L1i. Similarly, the path length of the other beam is the
sum of the external path length, L2E , and the internal path length, L2I.
The following requirements are imposed on SITE to ensure that the
two light beams interfere in a scientifically useful way: 1) the two path
lengths must be approximately equal (i.e. the differential path length (DPL),
AL = L 1 - L 2 , must be less than a fraction of a wavelength of the target light),
2) the wavefronts of the two light paths must be parallel at the detector, and
3) the two beams must overlap at the detector. Figure 2.1 shows that one leg
includes an optical delay line (ODL) which can vary the internal path length
L2, to reduce the DPL.
Note that any distortion of the structural shape may contribute to
misalignment of optics, wavefront tilt errors, and differential path length
errors. Hence, SITE requires that the structure be extremely stable, in spite
of the mechanical and thermal disturbances inherent in the space shuttle
payload bay.
2.3 Space thermal environment
The external thermal loads on a spacecraft consist of solar radiation,
planetary thermal radiation, planetary albedo radiation (solar radiation
reflected off of a planet), and cold space as a heat sink. Thus, low-Earth
orbiting structures are exposed to heat loads from Earth albedo and Earth-
emitted infrared radiation in addition to direct solar radiation. Because the
sun is the dominant heat source, the thermal load on the structure decreases
drastically when the sun is obscured, either by Earth or the spacecraft itself,
as discussed for the STS payload in the previous chapter (Fig. 2.2). Earth-
emitted and albedo radiation shadowing can also occur. These environmental
parameters and shadowing effects are crucial in characterizing the thermal
environment. In the remaining section, the uncertainties and the variations
in the environmental parameters are briefly reviewed. The shadowing effect
considerations are also discussed. References 5 and 13 present a detailed
description of the spacecraft thermal environments.
2.3.1 Environmental parameters
The direct solar radiation is assumed to be a uniform flux because the
sun, for most spacecraft, is extremely far away. Depending on the location of
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the Earth in its elliptic orbit, the solar constant in Earth orbit can vary from
1323 W/m 2 to 1414 W/m 2; the mean value is 1367.5 W/m 2 [13]. The literature
indicates that different values of the solar constant are used depending on
the mission of the spacecraft and the thermal design philosophy.
The key parameter in calculation of the Earth albedo is the albedo
factor, which defines the percentage of solar radiation reflected. The albedo
factor varies depending on the amount of cloud cover and the season, and it is
strongly dependent on the latitude. Reference 13 contains a tabulation of the
albedo as a function of latitude. The values of albedo are obtained from
experimental results, but the exact value of the albedo factor at any instant is
unknown.
The Earth emits thermal energy at infrared (IR) wavelengths.
Seasonal and latitude dependency also exist for the Earth-emitted IR. An
average value for the Earth IR radiation flux can be calculated using the
Stefan-Boltzmann law of radiation assuming the Earth's mean temperature.
Finally, deep space is modelled as a black body heat sink with a zero absolute
temperature. The actual temperature of 4 K is neglected because the value is
small compared to the temperature range of interest in the analysis.
The environmental parameters are obtained primarily from
experimental results and thus the levels of confidence in the parameters are
fairly high. Uncertainties in the environmental parameters, among other
uncertainties inherent in thermal analysis of space structures, are further
discussed in Ref. 14.
2.3.2 Shadowing effects
Shadowing effects are time-varying and they depend on the spacecraft
orbital position, geometry, and the orientation with respect to the sun and the
Earth (Fig. 2.2). The two types of shadows, the umbra and the penumbra, are
functions of the distance to the sun, the radius of the sun, the geometry of the
shadower, and the distance between the shadower and the shadowed
structure. The umbra is totally shaded and the penumbra is partially shaded
from the sun (Fig. 2.2).
If the sun is assumed to be a perfectly collimated source, no penumbra
shadow exists and the spacecraft receives either full solar heating or none.
However, for large open space structures the umbra and penumbra
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shadowing effects are important. When the structure is in the Earth
penumbra, some solar radiation reaches the structure [15]. The collimated
source assumption also introduces some error in the calculation of local
shadowing effects in large open structures, where the structure is partly
shadowed by other parts of the structure. The partly shadowed structure
receives more heating when the conical shadow is considered [16]. However,
for conventionally sized spacecraft the sun can be modelled as a collimated
source without introducing any significant error [15, 16].
2.4 Thermo-structural analysis of space structures
This section reviews the analytical and numerical tools used in the
thermo-structural analysis of space structures. Examples of techniques used
in thermo-structural analyses of dimensionally stable structures are
presented.
2.4.1 Analytical methods
Analytical methods have been developed and used in thermo-structural
analyses to simplify the computing process and to identify critical design
parameters. For steady state analyses of simple shapes, and many transient
one-dimensional analyses, analytical methods can be used. McManus
presented transient thermal responses of low-Earth orbiting bodies with
simple shapes in Ref. 4. The effects of surface properties and orbital
parameters are illustrated in the paper. Simple approaches to compute
thermal deformations due to 1) uniform temperature change and 2) thermal
gradients are also illustrated. Reference 2 is an investigation of thermally
induced vibrations of a flexible rolled-up solar array using analytical
methods. An analytical form of the thermal response of the boom can be
written based on several assumptions. The gradient in the boom cross
section is assumed to be small compared to the average temperature, and the
temperature distribution in the cross section is assumed to be a cosine
function, allowing an analytical solution to be obtained. A parametric study
shows the correlation between the physical and geometric parameters and
the stability of the thermally induced vibrations. References 2 and 3 show
analytical investigations of the dynamic thermo-structural response of a
Chapter 2 : Background 26
flexible boom, including cases where the structural and the thermal
responses are coupled.
These studies involve assumptions and simplifications which are
specific to the spacecraft being investigated. Usually, assumptions about the
heating loads and orbital conditions must be made to reduce the complexity of
the problem. In many instances, spacecraft geometry and the orbit scenario
are complex, resulting in complex heat loads and heat paths. For such
systems, the temperature distribution cannot be solved using purely
analytical methods. The current trend in thermo-structural analysis
techniques is to use commercial tools to build a model of the spacecraft
geometry, calculate the orbital heat loads, and then solve the heat transfer
problem numerically.
2.4.2 Current thermo-structural analysis tools
Current methods for determining the thermal response of space
structures usually require two models-a geometry math model and a thermal
math model [17]. In the first model, the orbital radiation heat loads, which
include direct solar, Earth-emitted, and Earth albedo, are calculated. The
shadowing effects and the view factors are also determined. The
environmental loads and view factors are input to the thermal math model
and the heat transfer problem, which includes conduction, convection,
radiation, and internal heat generation, is solved, usually via a finite
difference technique. The thermal model consists of nodes and conductors
which represent the coupling between the nodes. The conductors are linear
for conductive and convective heat paths and nonlinear for radiative heat
paths such as the coupling with the environment. The linear conductors are
equivalent to thermal conductances, and the nonlinear conductors are
functions of view factors and thermo-optical properties. A thermal model
analyzer computes the properties of the linear conductors and a geometry
model analyzer computes the properties of the radiation conductors. This
type of thermal model is described in detail in many references including Ref.
5 and Ref. 17.
The structural response is usually obtained using the finite element
method. Two approaches to determine the thermal deformations are as
follows: 1) the temperature distribution obtained from the thermal analyzer
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is input to a structural finite element model to determine the structural
response, or 2) the thermal and the structural analyzers share the same finite
element model to determine the thermo-structural response. The first
approach encounters interface problems because of the different grid schemes
of the finite difference and finite element techniques. The second approach
eliminates the interface problem, but the disadvantage is that the structural
model requires a finer grid than the thermal model, resulting in
unnecessarily over-accurate temperature distributions and more CPU time.
The advantages and the disadvantages of these approaches are further
examined in Ref. 18.
In general, thermal engineers take the first approach to compute the
thermal deformations. They use commercial thermal analysis tool packages
which provide the computing capabilities. Commercial geometry math
modeling tools such as Thermal Radiation Analysis System (TRASYS) and
Net Energy Verification and Determination Analyzer (NEVADA) are
available. A commonly used thermal analysis package is Systems Improved
Numerical Differencing Analyzer (SINDA). The second approach can be
taken via the use of structural finite element analysis packages, such as
MacNeal-Schwendler Corp./NASA Structural Analysis (MSC/NASTRAN),
which have the capabilities to compute radiation couplings and thermal
responses.
TRASYS has been used in many thermal analyses to compute orbital
heating rates and radiation view factors. References 15 and 18 through 23
used TRASYS to compute the orbital heating rates and the radiation view
factors. Baumeister et al. compared the results from TRASYS and NEVADA
in Ref. 16 in the analysis of the Space Station Freedom photovoltaic boom.
The boom is a three longeron lattice structure. They showed that NEVADA
gives more accurate results in calculating the heat loads because it does not
assume that the sun is a collimated heat source. However, this study
involves a large open structure and as discussed in Section 2.3.2, this
assumption introduces little error for conventionally sized space structures.
As previously discussed, the interface between the models is a critical
issue in the thermo-structural analysis. Thermal analysts have used several
different methods to handle the interface between the thermal and the
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structural models. In Ref. 24, nodal temperatures obtained from a less dense
thermal mesh were interpolated and input to a structural finite element
model to compute the deformations. Such a process can become laborious as
the numbers of nodes in the thermal and the structural models increase, and
the risk of error in the data transfer also increases. In Ref. 20 Sharp et al.
used TRASYS/SINDA to get temperature solutions and a SINDA-NASTRAN
interface program (SNIP) to generate temperatures in NASTRAN format.
SNIP uses a numerical scheme to interpolate temperatures in the structural
mesh from the less dense thermal mesh. Warren et al. used a more efficient
approach in their thermo-structural analysis of the Space Station Freedom
main truss [18]. They developed a model generator program to build the
geometry and thermal models from the initial finite element structural model
such that the model development process was automated. This model
generator allowed an automated and accurate data transfer between the
models. The structural finite element model was generated in NASTRAN,
and the model generator developed the geometry and the thermal models in
TRASYS and SINDA format. The outputs of SINDA were then reduced to
NASTRAN format. A similar approach using a different set of tools is shown
in Ref. 6. This approach is further described in Section 2.4.3.2 of this thesis.
2.4.3 Dimensionally stable structures
This section presents an overview of the approaches used in thermo-
structural analyses of dimensionally stable space structures. A considerable
amount of work has been done on large space truss structures and antenna
and optical instrument support structures. These structures have been
analyzed using various combinations of the tools that were described in the
previous section.
2.4.3.1 Large space truss structures
Chambers et al. developed an efficient method which used both
analytical and numerical techniques to analyze a large truss structure [15].
TRASYS and Martin Marietta Interactive Thermal Analysis System (MITAS)
were employed to compute the orbital heating loads and the thermal
response, respectively. In the global calculation each member was modelled
as an isothermal node and the average temperature of the member was
computed. The circumferential temperature gradient in each member was
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then calculated using an analytical equation. This technique reduced the
number of nodes in the model. TRASYS was modified to include the Earth
umbra/penumbra effect for large open truss structures. A shadowing factor
was introduced to approximately account for the member-to-member
shadowing effects. Radiation interchange between the members was
neglected. This computing process was applied to steady state analyses.
Many of the techniques developed in the paper by Chambers et al. are
incorporated in later thermo-structural analyses of large truss structures.
Mahaney and Strode computed thermo-structural responses of orbiting
trusses in Ref. 25. They modelled the truss members as isothermal members
and neglected the conduction between the members and the circumferential
gradients. The analysis was further simplified by neglecting the penumbra
effect and the member-to-member shadowing effects. Analytical expressions
for the orbital heat loads and view factors from the orbiting surfaces to the
Earth were incorporated in the thermal analysis and the temperatures were
computed using a finite difference technique. A finite element method was
used to calculate the structural response. Mahaney and Thornton studied
member shadowing effects on the thermo-structural response of a truss
structure [26]. In the analysis, member-to-member shadowing was included
in addition to the Earth umbra/penumbra effects. Due to member-to-member
shadowing, the members are not isothermal. Conduction along the member
was also included by representing each member with multiple elements in
the finite element analysis.
As the truss structure becomes larger and the geometry becomes more
complex, the computation involved in a transient thermo-structural analysis
can become overwhelming. Warren et al. developed methods for efficient
thermo-structural analysis of large space truss structures to reduce model
developing and computing time. First, the finite element structural model
was created, and then the geometry and thermal models were automatically
generated based on the finite element model using a model generator
program. Secondly, the radiation coupling calculations were accelerated by
the two-pass method which is described in Ref. 27. Finally, the orbital
heating and shadowing calculations were reduced by representing beams of
all cross sections as box beams with adjusted solar absorptivity values [27].
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These methods are illustrated in the analysis of a segment of the Space
Station Freedom main truss [27]. Warren and Arelt used TRASYS to
calculate the orbital heating loads, radiation conductors, and shadowing
effects. The outputs were input to a SINDA model to obtain the temperature
distribution, which in a compatible format was transferred to a NASTRAN
structural finite element model to calculate the deformations.
2.4.3.2 Antenna and optical structures
Structures supporting antenna systems or optical instruments must
remain dimensionally stable to function properly. For example, a truss
structure supporting the primary reflector of an antenna was studied to
assess the feasibility of its design in Ref. 6. The analysts used a series of
commercial thermal and structural analysis tools. A specialized geometry
modeling tool, Tetrahedral Truss Structural Synthesizer (TTSS), was
employed for modeling the tetrahedral truss structure. The finite element
model was built with Supertab in conjunction with TTSS. Thermal Model
Generator (TMG) was used to calculate radiation conductors, and then
temperature distributions were computed. Finally, Model Solution computed
the static deformations from the inputs provided by TMG. Thermal
responses of the truss members protected with MLI were compared to those
of unprotected members. The MLI was modelled by changing the solar
absorptivity and infrared emissivity values.
References 28 and 29 discuss thermal analyses of communication
satellites. Tsunoda et al. used NEVADA and SINDA programs to determine
the temperatures of the components of the antenna system. Parts of the
spacecraft wrapped with MLI blankets were represented by additional nodes
whose emissivity was set to the effective emissivity of the MLI [29].
Tsuyuki et al. presented the techniques used for thermo-structural
analysis of the Submillimeter Imager and Line Survey Telescope (SMILS) in
Ref. 21. In the thermal model of the primary reflector supporting truss, the
conduction between the members was neglected. The truss network was
modelled as a two-dimensional surface to simplify the analysis. An effective
transmissivity for the truss network was applied to the two-dimensional
surface to account for self-shadowing effects. The MLI used in the structure
was modelled by an effective MLI normal thermal conductivity.
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The proposed Space Ten-Meter Telescope (STMT) was studied to
determine the thermal distortions and the optical performance of the primary
mirror [30]. The analysts used Simplified Shuttle Payload Thermal Analyzer
(SSPTA) for geometry and thermal modeling and NASTRAN for structural
modeling. The computation process was simplified by calculating steady
state values. These tools were also used in the analysis of the telescope
system of the Space Infrared Telescope Facility (SIRTF) [1]. Chang and
Mansfield anticipated mirror misalignments due to thermal bending of the
telescope outer shell, as was observed on IRAS. SIRTF temperature
distributions were computed independently by NASA-Ames utilizing SSPTA.
The thermal deformations were determined from a static analysis in
NASTRAN. Reference 31 shows the in-flight temperature predictions for
Hopkins Ultraviolet Telescope (HUT). HUT was one of the instruments
operating in the STS bay on the ASTRO-1 mission. The bay environment was
characterized independently by NASA-Marshall. The temperature solution
was obtained using SSPTA and two heat transfer numerical solvers.
In the thermal analysis of Geostationary Environmental Satellite
(GOES) scan mirror, Zurmehly and Hookman compared the results from a
detailed model and a simplified thermal model. The transient thermal
response of the detailed model was obtained via TMG. The simplified model
had a coarser grid than the detailed model, and hence the computing process
was much quicker. The analysts concluded that simpler models should be
used to get quick results to allow considerations of more design options. Then
the more detailed model should follow to predict the temperatures more
accurately.
Many analyses reviewed in this chapter involve uses of simplified
models and steady state analyses to reduce the time required in model
development and computing process. Some analytical methods have been
incorporated in the analyses to simplify the models. Automation of model
development and analysis have also been used to reduce the time invested in
the analysis process. Nevertheless, the model development and thermal
analysis tools require large computing times to perform multiple transient
analyses. These analyses involve the computation of transient orbital
heating loads and radiation factors, and the nonlinear heat transfer problems
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require many iterations. For spacecraft design, which requires repeated
analysis runs, a general but simpler form of current thermal analysis tools is
desirable. The objective of this thesis is to develop an analytical approach
which allows the efficient thermo-structural analysis of space structures for
multiple mission scenarios and structural designs.
3 Problem Statement and Approach
3.1 Problem
A space structure operating in the space shuttle payload bay is
considered. The structure is protected by MLI. The exterior surface is
exposed to the low-Earth orbit thermal environment and a time-varying
temperature distribution, which tends to follow the environment, develops
on the exterior surface. The heat loads on the surface are transferred to the
underlying structure through the insulation. The temperature distribution
of the structure changes due to the time and spatial varying heat loads. As
a result, the structure undergoes thermal deformations. The thermal
deformations then affect the performance of the space structure.
The orbit scenario of the STS is first defined by the following orbit
parameters: the inclination of the orbit, the launch time and date, the
latitude and the longitude of launch site, and the attitude and the
maneuvers of the STS. Secondly, the position of the structure in the bay and
the geometry of the structure are specified. Finally, the thermal
characteristics of the insulation and the thermal and structural
characteristics of the structure are given. Based on these parameters, the
thermal histories of the external surface and the internal structure,
followed by the structural deformation history, are efficiently calculated.
3.2 Approach
An analytical approach to obtain the transient thermo-structural
response of the insulated structure operating in the shuttle payload bay is
developed. The thermal analysis is based on the assumption that the
thermal resistance of the insulation is very large. This allows a decoupling
of the nonlinear radiation environment model from the linear internal
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conduction model. First, the shuttle bay thermal environment is
characterized in terms of the transient thermal responses of a mesh of
isothermal differential elements in the bay. The thermal response of a
differential element with a given orientation at a given location in the bay is
calculated by a radiation energy balance on the element. Given orbital
parameters, shuttle orientation, structural geometry, location of the
structure in the bay, and the thermo-optical properties of the exterior
surface, the transient temperature distribution on the mesh is calculated
using a finite difference scheme. Next, the MLI is mathematically
modelled as a linear thermal resistance between the environment and the
structure. Several simplified resistance models are proposed. Finally, the
surface temperature distribution (environment) and an MLI model are
input as linear boundary conditions to a linear thermal finite element
model to compute the structural temperature solution. These nodal
temperatures are input to a structural finite element model to determine
the static structural response. This technique is graphically represented in
Fig. 3.1.
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Figure 3.1 Flowchart of thermo-structural analysis strategy
4 Characterization of the Environment
In this chapter, an analytical approach to characterize the STS bay
thermal environment is developed. By obtaining the thermal response of
the surface of a specified structure, the environment and its interaction
with the surface are characterized. Based on a radiation energy balance on
a differential element of the exterior surface of the structure, the governing
differential equation is established. The orbit parameters, the spacecraft
geometry, the spacecraft orientation, and the physical and thermo-optical
properties of the surface material appear in the differential equation. The
differential equation is then numerically integrated in time using a finite
difference scheme to obtain the transient thermal response. This
procedure is repeated at all points on a specified mesh covering the
structure to completely characterize the relevant environment.
4.1 Problem statement
In the analysis, an insulated structure of an arbitrary shape lies in
the open payload bay of a space shuttle. The bay is modelled as a box with
length L, width W, and height H (Fig. 4.1). The box has an open top to
represent the open cargo door. The origin of the bay coordinate system is
located at the geometric center of the box. The x-axis points out of the box
and the y-axis points towards the nose of the shuttle. The analysis
considers a small area of the exterior surface of the structure, dA, with
arbitrary orientation i, and position FA (Fig. 4.1).
In the analysis of the environment, the following assumptions apply:
1. The shuttle is in a relatively low circular orbit, hence
a) the orbit is low enough that the Earth can be considered as
an isothermal infinite plate.
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b) The Earth umbra/penumbra effect is neglected.
c) The shuttle is in the Earth's shadow for half of the orbit
period.
2. The bay walls are isothermal gray surfaces and maintain a
constant specified temperature.
3. The surface layer is thin such that the in-plane conduction is
negligible (qk <<qexternal' where qexternal is the sum of the
magnitudes of the heat loads on the differential element) (Fig.
4.2).
4. The surface material is isothermal through its thickness.
5. The thermal resistance of the insulation is large
(qi << external ) (Fig. 4.2).
Assumption la) introduces a small error in the calculation of the
view factor. A flat plate whose surface normal points toward the center of
the Earth at an altitude of 278 km has a view factor of 0.92 [13]. The infinite
plate assumption results in a view factor of 1.0. The result in Ref. 13
applies to an isolated flat plate. The computation becomes more complex
when the plate is located in an enclosure with an opening, such as the open
bay, where the plate "view" of the Earth is limited. Assumption la) allows
this computation to be manageable, and in general the error introduced is
less than the 8% in the isolated body case. The second assumption also
introduces an error due to the time and spatial varying bay wall
temperatures and the internal bay reflections. However, this assumption is
applied to simplify the analysis for preliminary design purposes.
Assumptions 3 and 4 are applicable because typical MLI layers are very
thin. Finally, assumption 5 will be investigated in Chapter 7.
4.2 Governing differential equation
In this section the thermal loadings on the surface of the structure
are identified and used to derive the governing differential equation. First,
a simple energy balance equation for an isothermal differential plane
element of the surface is written to calculate its temperature To, Eq. (4.1).
The element has specific heat c, density p, thickness h, and area dA
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(Fig. 4.2). These properties are assumed to be constant. The total change in
the internal energy of the element is then equal to the algebraic sum of the
energy entering and leaving the element.
dT
cph dA o q q dA (4.1)
dt in out
The thermal environment of the element consists of the sun, the Earth, the
bay, and deep space. Direct solar and albedo radiation impinge on the
element, and the element exchanges heat with the Earth, the bay, and deep
space. Equation (4.1) can be expanded as a sum of the heat load elements.
dT sun + qalbedo + qEarth +  bay- qloss
c dt q (4.2)
Determining the values of the heat fluxes requires specification of
parameters such as the solar vector, other incident flux vectors, surface
normals, etc. These depend on the orbital parameters and the shuttle
orientation. A set of reference frames is established. Appendix B presents
the reference frames used in the analysis and the rotation matrices
associated with the transformation of vectors from one reference frame to
another. For calculations of the heat loads, all vectors are transformed into
the bay coordinate system defined previously. These vectors are then
denoted by a subscript B to indicate the bay frame. In the subsequent
sections, an analytical expression for each heat load element is derived,
and the key parameters affecting them are discussed.
4.2.1 Direct solar radiation
The element receives no direct solar radiation when the sun is
obscured by the Earth or the bay surfaces. An approach to locate the
boundary of the Earth's shadow is developed in Appendix B. The shuttle
enters the Earth's shadow at a point defined by angle qs, Eq. (B.10), and
remains in the shadow for half orbit period (Fig. B.5).
While the shuttle is in the sunlight, several geometric conditions
must be met for the direct solar radiation to reach the element. As it can be
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seen in Fig. 4.3, the first condition is that the solar vector SB (in bay frame)
must come in from the open top or
SB XB < 0 (4.3a)
where
SB = CBIISI (4.3b)
The rotation matrix CB/I transforms the inertial solar vector S to the bay
solar vector. Given the date of the orbit the inertial solar vector can be
determined from the position of the Earth in its orbit about the sun. The
Earth orbit determination problem is solved in Appendix A.
To determine the additional conditions, consider a plane Ptop which
is defined by the equation XB=H/2, and a new vector Sinbox, which has the
direction of the solar vector SB (Fig. 4.3). There exists a point on the plane
such that the vector Sinbox is the difference between the position vector of the
element and the position vector of the point of intersection (e.g. points A 1
and A 2 for elements 1 and 2, respectively).
Sinbox = dA - FA (4.4)
Note that the projection of Sinbox on to the XB-axis is the distance between
the element and the plane.
Sinbox. -B = dA XB -- H (4.5)2
Since Sinbox has the direction of SB, the magnitude of Sinbox, ,Sinbox, can be
calculated as shown in the following equation.
rdA -X, H
ginbox 2 (4.6)
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If Sinbox intersects Ptop outside the boundaries delimited by the edges of the
open top, the sun is obscured by the bay wall, and hence the element is in
shadow (Fig. 4.3). Otherwise, the following inequalities are satisfied:
dA B b 1 (4.7a)(L < F, - YB - -nbox B 2L2 2
1 W< (dA ZB - Sinbox " ZB < W (4.7b)
2 2
When these conditions are met, the amount of direct solar absorbed by the
element is
q sun = s ldA SB
Otherwise (4.8)
qsun = 0
Examination of Eq. (4.7) shows that the shadowing effect is dependent
on the geometry of the bay, location of the element in the bay, and the
relative orientation of the element with respect to the sun, as expected.
Equation (4.8) shows that the absorbed solar radiation depends on the solar
absorptivity of the surface material and the angle between the solar vector
and the surface normal of the element. The incident solar flux is time-
varying, and depends on the shuttle orientation. Hence, parameters such
as the inclination of the orbit, the day of the orbit, and the relative structural
position and orientation with respect to the sun affect shading geometry
and the amount of incident solar flux. These parameters appear in the
rotation matrix CB/I, which appears in Eq. (4.3b) and is defined in
Appendix B.
4.2.2 Earth albedo radiation
The albedo heating for a low-Earth orbiting structure can be
approximated as follows [25].
(4.9a)qalbedo = as S(AF) FdA-E COSO
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where
S= S, (4.9b)
AF is the albedo factor, FdA-E is the view factor from the differential element
to the Earth, and 0 is the reflection angle as defined in Fig. 4.4. The view
factor between surfaces, sometimes called the shape factor, accounts for
geometric factors such as the relative orientation of the surfaces and the
distance between the surfaces.
To compute the reflection angle, the unit vectors eR and isR are
introduced. The Earth pointing vector eR is identical to the x-axis in the
Earth-point reference frame XR, and iSR is a unit solar vector in this
reference frame (Appendix B).
eR = XR (4.10)
SR = SRSR (4.11a)
where
SR CRIISI (4.11b)
Then the reflection angle is expressed in terms of the dot product of these
two vectors
0 = cos-  ISR eR) (4.12)
Note that the albedo is zero while the shuttle is in the Earth's
shadow. The reflection angle 0 is a time-varying parameter. It is a
function of CR/O, Eq. (B.12a), which is a function of time. The view factor
FdA-E can also be time-varying depending on the shuttle orientation with
respect to the Earth.
4.2.3 Earth- and bay-emitted radiation
The energy emitted by a surface is expressed by Stefan-Boltzmann's
radiation law
q = Eir T 4 (4.13)
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Figure 4.4 Reflection angle 0 for Earth albedo radiation
Chapter 4 : Characterization of the Environment 46
where a is the Stefan-Boltzmann constant, eir is the infrared emissivity of
the surface, and T is the absolute temperature of the surface. The infrared
emissivity is used because the wavelengths emitted are functions of
temperature, and in the temperature range of interest most of the energy is
emitted in the infrared.
The Earth-emitted radiation is assumed to be the energy emitted by
the surface of the Earth at the surface mean temperature. The thermal
radiation emitted by the Earth can be expressed using Eq. (4.13). The
element absorbs a part of the energy emitted by the Earth's surface. The
amount of heat arriving at the element depends on the orientations of the
surfaces and the distance between the surfaces, and thus the view factor
FdA-E is applied. Then the thermal radiation from the Earth absorbed by the
element becomes
qEarth = FdAE air ceET4 (4.14)
where EE, TE, are the Earth surface infrared emissivity and the mean
temperature of the Earth, respectively, and air is the differential element
surface absorptivity in the infrared waveband.
The bay is assumed to be a part of the external environment of the
structure. Similar to the Earth, the bay walls emit energy in infrared
waveband, Eq. (4.13). By summing up the amount of energy each bay
surface emits that is absorbed by the element, the total energy from the bay
is determined.
qbay - dAPi a ir aCbayTbay (4.15)i
where FdA, is the view factor from the differential element to the ith bay
surface Pi. The view factor FdA i depends solely on the location and the
orientation of the element relative to the bay surfaces, and therefore needs
to be calculated only once.
Chapter 4 : Characterization of the Environment 47
4.2.4 Final governing differential equation
The radiative heat loss of the element is written as
qloss = EOT4 (4.16)
Adding up the heat load terms, Eqs. (4.8), (4.9), (4.14), (4.15), and (4.16), the
final governing equation can now be rewritten.
dT 1
dt cph[ "s S, + asS (AF)F,~E cosO
+ air FdAPi 4EbayTb4ay + FdA-.EEET 4  (4.17)
Equation (4.17) is a first order nonlinear differential equation, and it
applies to one side heating of the differential element when the element is
exposed to the sun. In the shadowed case, the solar heating and albedo
terms become zero. Note that based on the assumption that the surface
layer is thin (i.e. thermal mass of the surface layer, cph, is small), the
thermal response of the surface, To, will tend to be close to the equilibrium
temperature, and hence will tend to follow the environment.
The differential equation is numerically integrated in time using a
fourth order Runge-Kutta finite difference scheme. The view factors, FdAME
and FdAPi,, are calculated using the contour integral method, which is
tractable because the model assumes the bay surfaces and the Earth to be
planar (Appendix C).
To fully characterize the environment, the entire exterior surface of
the structure is modelled as a mesh of thermal nodes (Fig. 4.5). Each
thermal node is represented by a differential element and the node is
located at the center of the differential element.
A computer program, BAYTHERM, was written by the author to
create the surface mesh and calculate the heat loads and the surface
temperature distributions. User input parameters are orbital parameters,
Chapter 4 : Characterization of the Environment 48
node
dA
Surface mesh of thermal nodesFigure 4.5
Chapter 4 : Characterization of the Environment 49
shuttle orientation, structural geometry, location of the structure in the
bay, and thermo-optical and physical properties of the surface layer. The
program also allows the shuttle's orientation to change at any time for a
user specified time duration. The algorithms incorporated in the program
for mesh generation and temperature calculation, along with a user's
manual and example runs, are presented in Appendix D.
5 Multilayer Insulation
In this chapter, the multilayer insulation (MLI) is modelled based on
the assumption that the exterior surface thermal response is decoupled from
the structural thermal response. A nonlinear model of the MLI is first
presented. Then two linearized models are developed.
5.1 Problem statement
Multilayer insulation isolates the structure from the environment (Fig.
5.1). MLI consists of multiple thin layers of material with vacuum between
them, and assuming that the layers do not touch each other, radiation is the
only heat transfer mechanism between the layers. The following
assumptions are made in the analysis: 1) the heat flow through MLI is one-
dimensional perpendicular to the blanket and 2) the insulated structure and
the inner layer of MLI are in perfect contact such that their temperatures are
equal (Ti = Ts).
Recall that in Chapter 3, based on the assumption that q i << ex terna l
qi was neglected in the calculation of the thermal response of the exterior
surface. This exterior surface of the structure corresponds to the outer layer
of MLI, and the outer layer temperature To, Eq. (4.17), can be calculated
independent of the response of the underlying structure, Ti (Fig. 5.1). As a
result, the complicated nonlinear radiation environment is decoupled from
the linear internal conduction problem. The key assumption that allows this
decoupling, that qi << q external' is investigated in Chapter 7.
5.2 Nonlinear model of MLI
MLI is usually characterized by its "effective" emissivity, Eeff, such that
the heat transfer between the outer layer and the inner layer is expressed as
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a nonlinear function of the temperatures of the outer layer and the inner
layer, To and Ti, respectively (Fig. 5.1).
qi = GEeff( T 4 - Ti 4 ) (5.1)
In practice the seff of MLI is a function of other parameters such as stitches,
bolts, the area of the blanket, and the number of layers. These parameters
become important in MLI with large number of layers [32]. For MLI with a
small number of layers, most such effects can be neglected and an analytical
expression for the effective emissivity of the MLI is derived by treating each
layer as a radiation shield. The result is that the effective emissivity is a
function of the emissivity of the outer surface of the outer layer, So, the
emissivity of the inner surface of the inner layer, i, and the number of layers,
n [33].
eff = - Eo + 1i - 1 (5.2)
Equation (5.2) shows that as the number of layers increases, the effective
emissivity decreases, yielding a decrease in qi or a more effective insulation.
5.3 Linearized models of MLI
To compute the structural temperatures, qi must be computed as a
function of both To and Ti. A reduction in computational time can be
achieved by applying a linear model of the MLI. A linear approximation of
Eq. (5.1) can be obtained by introducing a coefficient heff. This coefficient can
be regarded as an effective convection coefficient for the MLI. This qi is
expressed as
qi = heff(To - Ti) (5.3a)
If the coefficient is calculated directly by equating Eqs. (5.3a) and (5.1), the
following results.
eff (T4 - T4) (5.3b)eff (To- Ti)
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However, heff is a function of both the known but time-varying variable To
and the unknown structural temperature Ti, and hence is not useful.
The time-varying coefficient heff is approximated as a constant heff by
first rewriting the outer layer and the inner layer temperatures in terms of
known and the unknown variables, and using several assumptions to simplify
Eq. (5.3b).
The outer layer temperature To is written as the sum of a reference
temperature and a temperature perturbation which is a deviation from the
reference temperature. The reference temperature is chosen to be the
average temperature of all nodes on the surface mesh over an entire orbit.
To(FdA,t) = To a vg + ATO(F,t) (5.4a)
Similarly, the inner layer temperature is written as shown in Eq. (5.4b),
where the reference temperature is the average temperature of the structure.
Ti(FdA,t ) = Tavg+ ATi(FdA,t) (5.4b)
Equations (5.4a) and (5.4b) are then substituted into Eq. (5.3b).
h'eff[(ToaVg + dATo(FA,t)) 4 -(Tavg + ATi(FdA,t)) 4
(Toavg +  ATo(Fd,t)) (Tiavg + AT(FdA t))
Assuming that the average temperatures are equal (Tavg = ToaVg), and
that the temperature perturbations are relatively small compared to the
average temperature (ATo < Toavg and ATi < Toavg ), the higher order terms
in ATi and ATo can be neglected. A simple expression for a constant heff
results.
heff = 4{eff (Tg ) 3  (5.6)
By neglecting the higher order terms, the error in the approximation, Eq.
(5.6), is of second order. Note that the assumption that the MLI has a large
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thermal resistance implies that ATi/Toa g is relatively small. However,
ATo/Toau g may not be always small, resulting in a significant error in the
approximation of q . An example and the limitations of employing a constant
heff alone are further discussed in Chapter 7.
In the case where the constant heff does not model qi sufficiently, an
"effective" outer layer temperature Teff is introduced. Equation (5.3a)
becomes
qi = heff(T eff- Ti) (5.7a)
where the effective temperature is directly computed from Eqs. (5.1) and
(5.7a).
Teff - eff (T 4 -_ Ti 4 ) + T i  (5.7b)
heff
The assumption that ATi/Toa g is small is then applied to determine an
approximate Teff in terms of the known variables.
Teff = eff T4- T avg 4  + Tavg (5.8)
This method allows the reduction of the known exterior surface temperatures
To to a convective boundary condition with a time-varying but easy to
calculate effective temperature T eff and a constant heat transfer coefficient
heff. This method is accurate for any insulated structure for which the
variations in the structural temperature are much less than those of the
environment, (AT i << ATo).
6 Finite Element Analyses
Thermal and structural finite element analysis methods are
presented in this chapter. The structural temperature distribution is
calculated from a linear conduction model with a linear boundary condition
that represents the environment. The temperature distribution is input to a
compatible structural finite element model to calculate the thermal
deformations. The specific finite element models for a conceptual
structural design of SITE are also presented.
6.1 Problem statement
An insulated structure of an arbitrary shape lies in the STS bay and
undergoes deformations due to thermal loading from the environment.
Two separate finite element analyses, thermal and structural, are
performed to compute the transient thermally induced structural
responses. The thermal model computes the internal heat paths and the
internal structural temperatures. The structural model computes the
structural deformations due to the temperature changes and the
mechanical coupling between the structure, its supports, and any internal
or secondary structure it may have.
6.2 Thermo-structural finite element analyses
In the thermal finite element analysis, the environmental loads and
the heat paths within the structure are modelled using a commercial finite
element analysis package such as Automatic Dynamic Incremental
Nonlinear Analysis (ADINA). The thermal analysis assumes that 1) no
internal heat source exists; 2) radiative heat transfer between internal
surfaces is negligible; and 3) the initial temperature of the structure is the
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average temperature of the exterior surface, Tavg , for the orbital scenario
of interest.
Three-dimensional conduction elements are used to model the in-
plane heat flow, qx and q , and the heat flow through thickness, which is
in practice small because the plates are thin (Fig. 6.1). The conduction
elements have a heat capacity per unit volume c', (c' = cp), and a thermal
conductivity ks. The convection elements are two-dimensional (surface)
elements placed on top of the conduction elements and they are used to
model the heat transfer from the environment to the structure, qh . The
nodes of the convection elements coincide with the nodes on the outer
surface of the conduction elements (Fig. 6.1). The convection elements are
characterized by a convection coefficient and ambient temperatures. The
ambient temperatures are applied to the nodes of the elements.
The temperature distribution of the outer layer of the MLI is
computed by BAYTHERM using the techniques described in Chapter 4.
Two linear models of the insulation, Eqs. (5.3a) and (5.7a), are used, as
developed in Chapter 5. These models allow the heat transfer to be
modelled as a convective boundary condition. The ambient temperatures
are represented by either To, Eq. (4.17), or T eff , Eq. (5.8), and they are
applied to the corresponding nodes of the convection elements. The
convection coefficient of the elements is defined by heff, Eq. (5.6). Because
these convection elements replace radiation elements to model the
environmental loading on the structure, the thermal finite element
analysis becomes linear. The nodal structural temperatures, Ts, are then
efficiently computed.
The temperature distribution from the thermal analysis is input to a
compatible structural finite element model which calculates the transient
structural response. The geometry of the structural finite element model is
identical to that of the thermal model, but the elements are characterized by
their structural properties, such as the stiffness, density, and Poisson's
ratio, rather than their thermal properties. In general the structural
model is developed first and the geometry of the thermal model is generated
based on the structural model, allowing a reduction in model development
time.
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6.3 SITE finite element models
A conceptual design of the SITE structure is a truss box which
supports and encloses the internal optical benches. The primary structure
is enclosed by panels and is attached to a Multi-Purpose Equipment Support
Structure (MPESS) in the STS bay (Fig. 6.2). Three optical benches are
attached to the primary structure by isolation struts. The siderostats are
located on the two outer optical benches and the detector is located on the
middle optical bench. The protruding struts in Fig. 6.2 represent the
MPESS attachment struts.
In the specific case of SITE, different thermal and structural finite
element meshes were used for preliminary analysis. Two conceptual
structural designs of SITE were initially considered - a plate box and a
truss box. For the preliminary analysis, the plate box structural model was
built and the plate box thermal model was used to calculate temperature
distributions for orbit parametric studies. However, the conceptual design
of the SITE structure was downselected to a truss-and-panel box and hence
a detailed structural model was developed only for the truss-and-panel box.
The structural model of the plate box was not used. However, the thermal
characteristics of the truss-and-panel box were found to be acceptably close
to those of the plate box, which allowed use of the plate box thermal model
for preliminary design. A thermal model of the truss-and-panel box will be
developed and analyzed in a future study.
The thermal deformations of the truss-and-panel box are computed
based on the following assumptions: 1) the temperatures from the plate box
model are sufficiently accurate for preliminary design of the truss-and-
panel structure; 2) the secondary structure (internal benches, isolation
struts, and MPESS attachment struts) are thermally isolated and thus are
not included in the thermal model and are assumed to remain at the
reference temperature; and 3) the secondary structure will couple with the
mechanical response of the primary structure, and hence it is included in
the structural model, but the panels will not, and hence they are omitted.
6.3.1 Thermal finite element model
The thermal finite element model of the primary structure is an
ADINA model of a plate box with length Ls, width W,, height Hs, and plate
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thickness ts. The thickness of the plate is assumed to be small. The top,
bottom, right, left, front, and back surfaces are numbered as 1, 2, 3, 4, 5,
and 6, respectively (Fig. 6.3).
The finite element model consists of six three-dimensional plate
conduction substructures. These plates touch each other along the
perimeter of the inner surface. Thin three-dimensional conduction
elements are generated to complete the box geometry by filling the gaps
between the plates (Fig. 6.4). Each conduction element in the thermal
model has eight nodes to represent the corners of the three-dimensional
element. These elements are assumed to have a constant conductivity.
For the boundary condition, two-dimensional (surface) convection
elements that correspond to the main plate elements are generated. The
convection elements have a constant convection coefficient heff. To model
the time and spatial varying ambient temperatures, the nodal surface
temperature histories obtained from BAYTHERM are used to calculate Teff
for each surface node in the finite element model.
The temperature distributions in the primary structure are then
computed. Because the plates are thin, the temperature variation through
the thickness of the plate is negligible. Thus the temperatures of the outer
surface of the conduction elements are taken to be the temperatures of the
structure. An example of the input file for ADINA, which creates the SITE
thermal model, is included in Appendix E (Table E.1). The time functions
for the ambient temperatures are also presented, abbreviated, in the
appendix.
6.3.2 Structural finite element model
The structural model was developed in NASTRAN as a truss-and-
panel box including the secondary structure (Fig. 6.2). The truss box has
the same dimensions, L, Ws, and Hs, as the plate model. The truss
members, the MPESS attachment struts, the isolation struts, and the
optical elements are modelled as beam elements. The optical benches are
modelled as plate elements.
First, the structural temperatures obtained from the thermal
analysis are transferred to the corresponding nodes in the structural
model. In the structural model, the inner bays have diagonals in the XB-YB
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plane. The thermal model includes the end nodes of these diagonals but
lacks the center nodes (Figs. 6.2 & 6.4). The center nodes of these diagonals
are assumed to be at the average temperature of the two end nodes.
Secondly, the temperatures of the benches, the optical elements and the
nodes of the isolation struts connected to the optical benches are set to the
reference temperature. The reference temperature is the room
temperature (Tref = 293 K (20 C)). The nodes of the MPESS attachment
struts that are connected to the MPESS are set to the temperature of the bay.
The displacement of these nodes are set to be zero. Then the static thermal
deformations of the primary structure and the displacements of the optical
benches due to the mechanical interaction between the primary structure
and the secondary structure are computed.
7 Numerical Results
Numerical results for a conceptual structural design of SITE are
presented. The methods developed in the thesis are illustrated, the
assumptions used in the development evaluated and the key parameters in
the analysis explored. The chapter begins with a description of the
geometry of SITE and the specific details of the analysis procedure. The
thermal and structural responses of SITE and the performance
degradation induced by the thermal deformations are presented. The
BAYTHERM and linearized MLI models are evaluated. The decoupling of
the radiation environment and the insulated structure is also investigated.
The chapter concludes with a discussion of the thermal and structural
responses of SITE and the effects of the thermal deformations on the
performance of SITE.
7.1 Thermo-structural analysis of SITE
In this section the geometry of the SITE thermal and structural
models are described. The SITE performance metrics are then defined.
The orbit scenarios that are considered in the analysis are presented.
Finally, the procedure of the thermo-structural analysis of SITE and a
verification analysis are outlined.
7.1.1 Geometry
The SITE structure is an aluminum truss-and-panel box wrapped in
aluminized Kapton MLI. The top, bottom, right, left, front, and back
surfaces are numbered as 1, 2, 3, 4, 5, and 6, respectively (Fig. 6.3). The
center of the SITE structure is assumed to be located at (XB, YB, ZB) = (0,
5.205, 0) m in the bay coordinate system. The entire surface of the SITE box
is divided into 174 nodes for the BAYTHERM surface mesh. The assigned
Chapter 7: Numerical Results 65
numbers and locations of the corner surface nodes are shown in Fig. 7.1.
The location of the remaining node points and their assigned numbers can
be determined from the procedure presented in Appendix D.
The numerical data for the aluminized Kapton are listed in Table 7.1
[17]. The STS bay dimensions and the orbital heating load parameters are
also shown in Table 7.1. The properties of aluminum used in the structural
model are presented in Table 7.2, where ks, c', a, ps, E, and v are the
thermal conductivity, heat capacity per volume, coefficient of thermal
expansion, density, Young's modulus, and Poisson's ratio, respectively.
The following SITE performance metrics are considered in the
analysis: 1) differential path length (DPL), 2) wavefront tilt, and 3) beam
walk. As discussed in Section 2.2, the DPL is the difference between the
lengths of the paths that the two beams travel from the common wavefront
Table 7.1 MLI and STS bay thermal environment model
data
as
co
h,m
p, kg/m 3
c, J/kg-K
n
H, m
L, m
W, m
AF
S, W/m 2
a, W/m 2 -K4
EE
TE, K
Ebay
Tbay, K
0.31
0.45
6.35 x 10-6
1412
1005.6
10
4.572
18.29
4.572
0.25
1390
5.67 x 10-8
0.95
280
0.95
260
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Figure 7.1 Surface finite difference and thermal finite element grid for
SITE structure
177
118
Chapter 7: Numerical Results 67
Table 7.2 SITE structure data
Ls, m 4.1707
Ws, m 0.9982
Hs, m 0.6477
ts, m 3 x 10-3
ks, W/m-K 167
cs, J/m 3-K 2.412 x 106
a, m/m/K 21.6 x 10-6
Ps, kg/m3  2768
E, N/m 2  69 x 109
v 0.33
to the detector (Fig. 2.1). The total DPL is subdivided into the internal DPL
ALI, (ALI = L1, - L2 1 ), and the external DPL ALE, (ALE = LE - L2E ). To
measure the wavefront misalignment, the wavefront tilt, which is the
angle fy between the wavefronts of the two light paths at the detector, is
calculated (Fig. 7.2). The beam walk, which is the distance d between the
two centers of the beams at the detector, is computed to evaluate the effect
on the beam overlap (Fig. 7.2) [34, 35]. The wavelength of the target light A
is 550 nm and the beam radius RB at the detector is 11.5 mm.
7.1.2 Orbit scenarios
Four STS orbit scenarios are chosen for the numerical calculations
(Fig. 7.3). The inclination and the solar beta angle are 28.50 and 35.7',
respectively. The altitude of all of the orbits is 278 km, resulting in a orbital
period of 90 min. The shuttle enters the sunlight at t=0. The orbital
parameter input data that define the orbit of the STS are listed in Tables 7.3
and 7.4 (see Appendix A).
In orbit 1, referred to as the "sun view/cold" orbit, the shuttle bay
points directly at the sun while in the sunlight. The orbiter then rotates
1800 about the YB-axis and maintains a constant attitude while in shadow
(Fig. 7.3a). The second orbit is referred to as the "Earth view/cold". The STS
bay continuously points at the Earth while in sunlight. Then upon entering
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Table 7.3 Astronomical constants
a, km 1.49599 X 108
e 0.0167
RE, km 6378
p, km3/day 2  9.906 X 1020
pE, km3/s 2  3.986 X 105
Table 7.4 STS orbit parameters
A, degrees 28.4
q, degrees -80.6
2, degrees 88.02
launch time, EST 12h
launch date 9/21/1998
the Earth's shadow the bay points at a target star in the northern direction
and continually rotates about the XB-axis (Fig. 7.3b). Figure 7.3c shows the
geometry of orbit 3, referred to as the "gravity gradient" orbit. Similar to the
STS orientation in orbit 2 during the orbital night, the bay points at a target
in the northern direction and continually rotates about the XB-axis. As a
result, the nose of the shuttle constantly points towards the Earth. In orbit
4, the STS maintains a similar attitude to that of orbit 3. The bay points at a
target in the southern direction, allowing the sun to enter the bay while the
STS is in the sunlight (Fig. 7.3d). Again, the STS continually rotates about
the XB-axis while the nose points towards the Earth. The bay Euler angles
which define the orientations of the shuttle are summarized in Table 7.5.
The last column in the table indicates the type of the shuttle attitude as
discussed in Section B.2.5. The letters "C" and "E" are used to denote the
constant attitude hold and the Earth-point attitude, respectively.
7.1.3 Procedure of thermo-structural analysis of SITE
In this section the procedure used in the analysis is described. First,
the external environment of the SITE structure in four orbit cases was
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Table 7.5 Bay 3-2-1 Euler angles
Orbit 01, degrees 02, degrees 03, degrees attitude type
1 (sunlight) 90 -28.482 90 C
1 (shadow) 90 28.482 -90 C
2 (sunlight) 90 0 0 E
2 (shadow) 0 90 -90 E
3 0 90 -90 E
4 180 -90 90 E
considered. The thermal response of the exterior surface of the entire
structure was calculated using BAYTHERM. The external heat loads were
also calculated using BAYTHERM. The surface temperature distributions
were used to linearly approximate the heat transfer from the environment
to the underlying structure through the MLI. The structural temperature
distribution was computed from the ADINA thermal finite element model.
The thermal model used a convective boundary condition, where the Teff,
Eq. (5.8), and a constant heff, Eq.(5.6), represented the ambient temperature
and the convection coefficient, respectively. This model is evaluated in
Section 7.3.1.2.
The structural temperature distributions at the time at which the
maximum temperature differential appears were transferred to the
NASTRAN structural finite element model to calculate the thermal
deformations of the SITE structure. The temperature distribution cards in
the NASTRAN finite element analysis are included in Appendix E (Table
E.2). The deformations were input to a SERC internal program which
computed the following SITE performance metrics based on a conceptual
optics layout: 1) DPL, 2) wavefront tilt, and 3) beam walk.
7.1.4 Procedure of verification analysis
The following procedure is used to verify BAYTHERM and evaluate
the assumptions in the thesis. First, the thermal responses of flat surfaces
in simple orbit cases are examined to validate BAYTHERM. Two cases are
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examined. A simple case presented in Ref. 4 was duplicated using
BAYTHERM to compare results. In Ref. 4, the average temperature of a
flat aluminum plate was calculated. The flat plate is coated with black
paint and it is directly exposed to the sun on one side, and the other side is
insulated. The view factor to the Earth is assumed to be 0.5 throughout the
orbit and the albedo heating is neglected. To model this scenario using
BAYTHERM, the STS is oriented such that the bay is pointing directly at
the sun while in the sunlight, as in the sun view/cold attitude. While the
STS is in the Earth's shadow, the STS is oriented such that ZB-axis
continually points at the Earth. A differential element, whose thickness is
that of the flat plate, is placed near the top of the bay (XB=H/2) to avoid local
shading of the sun and the Earth. The albedo factor is set to be zero (AF=O).
In the second case, the thermal response of the top surface of SITE
structure in orbit 2 is examined to qualitatively evaluate a more complex
environment.
Secondly, three methods to model the heat transfer between the
environment and the structure, qi, were applied to the ADINA thermal
finite element model to obtain internal thermal responses of SITE. These
three thermal solutions are investigated to assess the assumptions and to
establish the limitations in the linear approximations of q.. The first
thermal model used a radiative boundary condition with the environment
temperature set to To and e = Eeff. This boundary condition results in the
thermal loads q. as calculated by Eq. (5.1). This model will be referred to
as the radiation model. The second model used a convective boundary
condition with a constant heff, Eq. (5.6), and the environment temperature
set to To. This model will be referred to as the heff model. The final model,
referred to as the T ef model, also used a convective boundary condition, but
the environment temperature was set to T ef as calculated by Eq. (5.8).
Finally, the structural temperature solution from the Teff model was
used to validate the assumption that the radiation environment can be
decoupled from the internal structure. The heat transfer qi, Eq. (5.7a), was
calculated for all surface nodes every 15 minutes using the effective MLI
outer layer temperature e f and the structural temperature Ts. This heat
transfer was compared to the total external heat load for the four orbit
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cases, where the external heat load is defined as the sum of the magnitude
of the heat loads on a node.
7.2 Results
In this section, the thermal and structural responses of SITE are
presented. The performance degradation induced by the thermal
deformations of SITE are also shown.
7.2.1 Thermal response
A summary of the key surface temperatures of SITE are listed in
Table 7.6. The maximum and the minimum surface temperatures that
appear at any node at any time during an entire orbit are shown along with
the time and the node number. The node number locations may be found in
Fig. 7.1. The average temperature of all nodes on the surface mesh over an
entire orbit, as defined in Section 5.3, is also shown.
Figure 7.4 presents the exterior surface thermal responses for
selected nodes on surfaces 1 (top), 5 (front), and 6 (back) in orbit 1. Surface 2
(bottom) maintains an equilibrium temperature at 257 K (-16 C) and is not
shown. Surfaces 3 (right) and 4 (left) also maintain an approximately
constant equilibrium temperatures at 257 K (-16 C) because they are located
very close to the bay walls. The results for the gravity gradient orbit are
presented in Fig. 7.5. Again, the nodes on surfaces 2 (bottom), 3 (right), and
4 (left) maintain an equilibrium temperature at 257 K (-16 C).
Table 7.6 SITE surface temperatures
Orbit (To)max, K t, min node (To)min, K t, min node (To)avg, K
1 383.7 45 39 188.6 68 33 260.8
2 301.0 23 33 237.5 47 237 259.1
3 270.3 23 187 237.5 0-90 237 252.3
4 368.6 23 257 237.5 0-90 237 261.7
Chapter 7: Numerical Results 74
Top Surface (Surface 1)
0 20 40 60 80 Time [min]
Front Surface (Surface 5)
NODE 194
/-- NODE 197
-- ------ NODE 200 /
SNODE 203
....................NODE 206
I I
0 2 i i
Back Surface (Surface 6)
Time [min]
Figure 7.4 Surface nodal temperature histories of SITE in sun view/cold
attitude
400
350
- 300
(C
a-
E
T- 250
200
Chapter 7: Numerical Results 75
Top Surface (Surface 1)
260
NODE 14
NODE 16
255 NODE 18
------ NODE 20
S250
E1
- 245
240
r------------------------
0 20 40 60 80 Time [min]
Front Surface (Surface 5)
268 " " NODE 194
-------- NODE 196
-\ NODE 198
266 ------ NODE 200
262 -""
NODE 244
. NODE 246
242
E 241
240
0 ' 20 40 60 80 TimeNO min]
Figure 7.5 Surface nodal temperature histories of SITE in gravitygradient titude240 ---~~---- -- -- -- - -- --- - --- -- -- --
gradient attitude
Chapter 7: Numerical Results 76
The external heat loads on the exterior surface, q external, for all four
orbits are tabulated in Table 7.7. As stated in Chapter 4, the external heat
load is defined as the sum of the magnitudes of the heat loads on a node,
which includes the radiation heat loss and the absorbed solar, albedo, and
Earth radiation. The maximum and the minimum heat loads on any node
over an entire orbit are included. The last column lists the mean value
averaged over the entire mesh and orbit.
Table 7.8 presents the structural temperature extremes for all four
orbits. The maximum and the minimum structural temperatures of all
nodes over an entire orbit are shown. The location and the time at which
the temperatures appear are also indicated.
Two key parameters were extracted from the temperature
distributions of the SITE structure. First, the spatial average temperature
Table 7.7 SITE external heat loads
Orbit (qexternal )max t node (qexternal )min t node q external )avg
W/m 2  mn W/m 2  min W/m 2
1 1002.5 15 27 162.4 15 142 306.3
2 416.6 90 33 221.5 15 1 231.6
3 271.8 90 103 162.4 15 142 183.2
4 930.1 90 162 164.3 15 144 324.9
Table 7.8 SITE structural temperatures
Orbit (Ti)max, K t, min node (T i )min K t, min node
1 267.81 45 23 260.66 45 140
2 260.49 45 20 259.06 90 254
3 252.66 90 123 251.79 90 33
4 264.21 30 31 261.47 15 252
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of the structure, denoted as Ts, was computed. The change in the average
temperature Ts affects the uniform displacement of the primary structure.
Secondly, the temperature differential between two nodes, i and j, denoted
as AT s , ( = Tsi -T j), were considered. The lowest T, and the
maximum temperature differential, AT,, that the structure attained
during the orbit are shown in Table 7.9. The nodal locations across which
the differential exists are also specified.
Figures 7.6 and 7.7 show the structural temperature distributions of
SITE in orbits 1 and 3, respectively, at 15 min increments for the entire
orbital period.
The heat flow through the insulation, qi, is presented in Table 7.10.
Similar to the external heat loads shown in Table 7.7, the maximum,
Table 7.9 Minimum spatial average temperature and maximum
gradient of SITE
Orbit (Ts)m , K (AT') , K nodal locations
1 261.5 7.15 23, 140
2 259.3 1.37 20, 142
3 252.3 0.87 123, 33
4 261.9 2.71 31, 142
Table 7.10 Heat flow from the environment to the structure
Orbit (qi)max t node qi)min t node qi)av heff
min min W/m 2 -K
W/m 2  W/m 2  W/m 2
1 24.69 15 27 0.47 45 140 5.06 0.0292
2 6.01 90 33 0.26 90 157 1.43 0.0286
3 2.10 90 187 0.45 15 1 0.75 0.0264
4 22.26 90 257 0.17 15 207 4.62 0.0295
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Figure 7.7 Structural temperature distribution of SITE in gravity gradient
attitude
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minimum, and average values are extracted by surveying the entire mesh
over an entire orbit. The time and the location at which the extreme values
appear are also indicated.
7.2.2 Structural response and SITE performance metrics
In this section, the results from the structural finite element
analysis and the SITE performance metrics analysis are presented. First,
the deformation shapes for orbits 1 and 3 are presented in Figs. 7.8a and
7.8b, respectively. These deformations correspond to the time at which the
maximum temperature differential (A) m ax appears in the structure. The
deformations are shown exaggerated by a factor of 300. Secondly, the effects
of the STS orientation on the performance of SITE are summarized in Table
7.11. The reader should be aware that these performance metrics are
specific to the current conceptual optical layout of SITE. The metrics
shown in the table correspond to the time at which the ATN) occurs.
Table 7.11 Key performance metrics of SITE
Orbit internal external wavefront beam
DPL, Rm DPL, Rm tilt, arcsec walk, mm
1 -10.68 18.47 26.38 0.29
2 -9.80 16.36 20.67 0.26
3 -10.81 22.1 12.04 0.16
4 -8.82 -5.78 19.83 0.56
7.3 Discussion
In this section, the results from the verification analyses are
presented to evaluate the BAYTHERM calculations and the linear
approximations of the MLI. Then the results for SITE are examined to
understand the key parameters which affect the thermo-structural
responses of SITE and to investigate the sources of performance
degradation.
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Figure 7.8a Thermal deformation of SITE in sun view/cold attitude
at t=45 min (deformation scale 1:300)
Figure 7.8b Thermal deformation of SITE in gravity gradient
attitude at t=90 min (deformation scale 1:300)
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7.3.1 Verification
Thermal responses of a flat surface in simple orbit cases are
examined to validate BAYTHERM. The structural temperature
distributions were computed using three different finite element models
with different MLI models. The results from the finite element analyses
using the linearized MLI models are compared to the results from an
analysis using a radiative boundary condition to establish the limitations of
the linear MLI models. The assumption that the environment can be
decoupled from the internal structure is also investigated.
7.3.1.1 BAYTHERM
The temperature history calculated by BAYTHERM and the results
from Ref. 4 are compared in Fig. 7.9. This figure indicates that the trend of
the responses are nearly identical. The small sinusoidal variation in the
BAYTHERM results is due to the small variation in the Earth view factor;
the differential element maintains a constant attitude with respect to the
sun but not with respect to the Earth. Further, Fig. 7.9 shows that the
maximum and the minimum temperatures from both results are
approximately 405 K (132 C) and 240 K (-33 C), respectively.
The BAYTHERM results for orbit 2 are examined to verify the
physical resemblance of the thermal response. Figure 7.10 presents the
temperature histories of selected nodes on surface 1 (top) of the SITE box in
orbit 2. In the Earth view/cold attitude, the exterior surface receives
heating from the Earth, albedo, and the bay. The relative orientation of the
STS bay with respect to the Earth is constant, and thus each node is
subjected to constant Earth- and bay-emitted heat loads (Fig. 7.3b). Recall
from Chapter 4 that these heat loads are dependent on FdA-E and FdAp P,
which in this case are functions of only the locations of the nodes in the bay.
Node 20 is located at the center of the surface and thus its Earth view factor
FdA-E is the largest. The edge node 14 is partly obscured by the bay walls
and thus its FdA-E is smaller, but it has a greater bay view factor FdA P,.
The surface temperature of the Earth TE is greater than the bay surface
temperature Tbay and hence, the temperature of node 14 is lower than that
of node 20. When the shuttle is in the Earth's shadow, node 20 is exposed to
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Figure 7.9 Average temperature history of a flat plate with black paint
and insulated back surface from BAYTHERM and Ref. 4
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deep space more than node 14. As a result, node 20 is colder than node 14
(Fig. 7.10).
Because of the relative orientation of SITE with respect to the Earth
and the symmetry of the SITE location about the YB-axis , the view factors
FdA-E of the nodes whose ZB coordinates are negatives of each other (e.g.
nodes 14 and 26) are equal, and thus any such pair of nodes display
identical temperature histories. The only time-varying heat load is the
albedo, Eq. (4.9), which is a function of the cosine of the reflection angle,
and thus the nodal temperature histories display a sinusoidal behavior
while the STS is in sunlight and the nodal temperatures remain constant
while it is in shadow.
7.3.1.2 Linearized models of MLI
The thermal response Ts of node 20 at the center of surface 1 was
computed using the three MLI models. The effective emissivity eff= 0.029,
Eq. (5.2), was used in the radiation model. For reference, the average
temperatures T avg and the effective convection coefficients heff, Eq. (5.6),
used in the linear models are listed in Table 7.10.
Figure 7.11 presents the comparison of the structure temperatures Ts
determined by each model. First of all, the structural temperature
variation is much less than the environment temperature variation.
Secondly, for all four orbits, the linear T ff model agrees well with the
nonlinear radiation model. On the other hand, although the heff model
follows the general trend of the radiation model, the error of the heff model
is significant for orbits 1 and 4. The maximum errors are approximately 6
K and 1.7 K, respectively.
The Teff model is effective because the structural temperature
deviation ATi , Eq. (5.4b), is small compared to the average temperature due
to the effective insulation and the large thermal mass of the SITE structure.
The error of the heff model is significant due to a large ATo, Eq. (5.4a), as
Table 7.12 shows. The numerical values of these key metrics for the four
orbits are shown in Table 7.12.
Note that the maximum values of AT 0oT oaUg for both orbits 1 and 4
are large and thus the assumption made in Chapter 5 in the heff
approximation is not valid for these orbits. For orbit 3 the AT 0 /Tavg ratio is
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Figure 7.11 Comparison of structural temperature histories of node 20
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Table 7.12 Key metrics in linear approximation of qi
Orbit ATo ATi
Tavg avg
o )max \.o )max
1 0.47 0.020
2 0.16 0.0043
3 0.071 0.0019
4 0.41 0.0095
relatively small, resulting in a better agreement with the radiation model.
On the other hand, the structural temperature deviation ATi is less than
2% of the average temperature T a g for all four orbits, and thus the
assumption made in the calculation of T f f is valid for the thermal analysis
of SITE (Table 7.12).
Figure 7.11 and Table 7.12 indicate that the disagreements of the
results can arise because 1) for large ATo a constant heff does not
sufficiently model qi, and 2) the use of T ef requires relatively small ATi.
Thus the ratios AT 0 /Toa g and ATi/T a g establish the limitations on the
use of the heff and T ef models, respectively, in the linear approximation of
q..
7.3.1.3 Decoupling
The heat transfer qi, Eq. (5.7a), was compared to the total external
heat load for the four orbit cases. The magnitudes of the maximum and the
average qi /external ratios are shown in Table 7.13. The external heat load
is defined as the sum of the magnitudes of the heat loads on a node. Table
7.13 shows that the magnitude of the ratio qi external is small for all the
examined orbit cases. The heat transferred through the insulation is only
about 2.5% of the heat exchanged between the surface and the environment,
and thus the environment calculation can be decoupled from the internal
structural temperature calculations.
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Table 7.13 Key metrics in decoupling condition
Orbit q i qi
q external imax q external iavg
1 0.0246 0.0069
2 0.014 0.0034
3 0.0088 0.0027
4 0.024 0.0056
7.3.2 Thermal
7.3.2.1 Surface temperature distribution
The surface temperature distributions of SITE presented in Section
7.2.1 are revisited to discuss the key parameters. First, Table 7.6 shows that
the sun view/cold attitude induces a wide To range, with extreme
temperature values of 189 K(-84 C) to 384 K (111 C). Orbits 2 and 3 display
moderate To temperature ranges because the structure is not exposed to the
sun. Orbits 2, 3, and 4 induce the same lower temperature extremes,
which occur on surface 6 (back), because in these orbits surface 6 receives
no Earth-emitted radiation while the shuttle is in the Earth's shadow (Fig.
7.3).
Figure 7.4 shows the surface temperatures of SITE in sun view/cold.
Because the shuttle points directly at the sun, surface 1 (top) receives a
constant amount of direct solar heating for half an orbital period, and
hence all the nodes attain their steady state values near 384 K (111 C). As
the shuttle enters the Earth's shadow, the temperatures drop drastically
reaching as low as 189 K (-84 C). The sinusoidal shapes of the curves while
the box is in the Earth's shadow are results of the Earth-emitted radiation,
because the orientation of the structure relative to the Earth varies in a
sinusoidal way. Furthermore, the temperature histories of the nodes that
share the same ZB location (e.g. nodes 1, 14, and 27) are nearly identical.
The small variation arises because the bay-emitted and the Earth-emitted
heat loads for these nodes are slightly different.
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As Fig. 7.3a shows, surfaces 5 (front) and 6 (back) receive no solar
heating and thus the temperature swings are moderate. The temperatures
vary from 245 K (-28C) to 259 K (-14C) and from 239 K (-34 C) to 260 K (-13 C)
for nodes on surfaces 5 (front) and 6 (back), respectively. Again, the
sinusoidal behavior of the temperature histories is due to the time-varying
albedo and Earth-emitted radiation. The sudden drop and sudden increase
in the temperatures are due to the shadowing of the albedo and the change
in the shuttle orientation.
The results for the gravity gradient attitude are presented in Fig. 7.5.
Note that the sun is obscured by the bay walls, and hence the structure is
not exposed to solar heating, resulting in moderate temperature swings.
Similar to the sun view/cold attitude, the nodes on surfaces 2 (bottom), 3
(right), and 4 (left) maintain an equilibrium temperature at 257 K (-16 C).
On each surface, the temperature histories of the nodes whose ZB locations
are opposites of each other are identical. The Earth view factors for such
nodes are identical due to the symmetry of the SITE location with respect to
YB-axis and the constant relative position of the SITE with respect to the
Earth.
The sinusoidal shapes of the nodal temperature histories of surfaces
1 (top) and 5 (front) correspond to the variations in albedo radiation. The
temperature histories then level out because the surfaces are subjected to
only the constant Earth- and bay-emitted heat loads. Surface 6 (back) on the
other hand receives only the bay-emitted radiation because the surface is
always facing away from the Earth. As a result, the surface is colder (237 K
(-36C) < To < 244 K (-29 C)) and the nodal temperature histories are time
independent.
7.3.2.2 Structural temperature distribution
The structural temperature variations (shown in Table 7.8) are much
smaller than the variations in the surface temperatures. The structure
remains cool. The structural temperature at any point lies between 252 K (-
21 C) and 268 K (-5 C), and the spatial average temperatures T, lie
approximately between 252 K (-21 C) and 262 K (-11C) (Table 7.9). Table 7.9
shows that orbit 1 induces the largest temperature differential and the
differential appears between surfaces 1 (top) and 2 (bottom), as expected.
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The gravity gradient attitude (orbit 3) induces the smallest ATs, between
surfaces 5 (front) and 6 (back), but the lowest Ts.
Figures 7.6 and 7.7 show the structural temperature distributions of
SITE in orbits 1 and 3, respectively, every 15 minutes for the entire orbital
period. In the sun view/cold attitude the maximum temperature
differential appears between surfaces 1 (top) and 2 (bottom) throughout the
orbit, as expected (Fig. 7.6). The magnitude of ATs increases while the
shuttle is in the sunlight and reaches a maximum of 7 K at t=45 min. Then
ATs decreases as surface 1 (top) cools and the heat is spread more evenly
from surface 1 (top) to surface 2 (bottom). Note that the temperature
distribution remains approximately symmetric about the YB- and ZB-axis.
In the gravity gradient attitude, the structure receives no solar
heating, and thus 1) the structural temperature is fairly cool (Ts = 252 K
(-21 C)) and 2) the temperature differential is small (Fig. 7.7). A
temperature differential, although small, appears across surface 5 (front)
and surface 6 (back) while the STS is in sunlight. When the STS enters the
Earth's shadow, the coldest point on surface 6 (back) moves towards surface
1 (top) because the lower part of the structure is warmer due to the bay-
emitted radiation. As a result, the maximum temperature differential ATs
of 1 K occurs between the upper edge of surface 6 (back) and the lower edge
of surface 5 (front) at the end of the orbit (t=90 min). In this orbit, the
temperature distribution remains approximately symmetric about the YB
-axis.
7.3.3 Structural response and SITE performance metrics
The deformation shapes for orbits 1 and 3 are presented in Figs. 7.8a
and 7.8b, respectively. The figures indicate that 1) the entire structure
contracts due to the decrease in the average temperature Ts (Tref = 293 K
(20 C)) and 2) the structure bends due to the temperature differential AT,
and the mechanical constraints.
The entire structure is shifted to the right (in the +ZB direction) due to
the shrinking effect and the mechanical constraint provided by the MPESS
attachment struts. In the sun view/cold case the maximum displacement
is approximately 1.9 mm in ZB direction, as a result of the shrinking effect.
The maximum displacement for orbit 3 is 2.4 mm due to a lower Ts (T, =
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252 K (-21 C)). The benches are displaced because the primary structure
contracts and the isolation struts react to the displacements of the primary
structure.
Figure 7.8a shows that the structure bends in the XB-ZB plane, as
expected, due to the temperature differential between surfaces 1 (top) and 2
(bottom) in orbit 1. The structure is also rotated about the ZB-axis due to a
small AT s across surfaces 5 (front) and 6 (back) and the mechanical
interaction of the primary structure with the MPESS attachment struts.
The bow shape in the XB-ZB plane is fairly symmetric because of the
symmetric temperature distribution (Fig. 7.6).
The gravity gradient attitude induces a small bending of the
structure in the XB-ZB plane mainly due to the mechanical restraint on the
primary structure. The rotation about the ZB-axis of the primary structure
is nearly indistinguishable, unlike the rotation observed in orbit 1 (Fig.
7.8b). The optical benches are also not tilted as much as in the first orbit
case. Note that the maximum temperature differential is only about 1 K
between the top edge of surface 6 (back) and the lower edge of surface 5
(front) in this case, compared to a 7 K differential encountered in orbit 1.
The performance metrics calculated for the four orbits are shown in
Table 7.11. The results indicate that all four orbits have similar effects on
the internal DPL. Overall, the DPL's for all the orbit cases are relatively
small. The DPL's can be adjusted using the ODL up to 20 cm based on the
current SITE optics design (Fig. 2.1). The beam walk for all cases is also
small. For the gravity gradient attitude, the two beam centers are offset by
only about 1.4% of the beam radius. The maximum beam walk out of the
four cases is 4.9% of beam radius occurring in orbit 4. The wavefront tilt is
the most problematic because the maximum allowable wavefront tilt that
the current optical control instrument of SITE can correct is approximately
102 arcsec. For the sun view/cold case, the wavefront tilt due to thermal
deformations alone is approximately 26% of the allowable wavefront tilt.
Other structural disturbances may further increase the wavefront tilt,
creating an undesirable operating condition.
The SITE performance cannot be determined solely based on the
thermal parameters. Recall that the largest temperature differential
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occurs in orbit 1, but the effects on the performance metrics are not
significantly different from those of the other orbits (Tables 7.9 & 7.11).
Orbit 4 induces the largest beam walk despite the relatively low
temperature differential (Tables 7.9 & 7.11). The path length and alignment
errors arise from the difference in the positions and the orientations of the
internal benches relative to each other. Thus, the performance is also
sensitive to the specific structural and optical designs of SITE. For the
current optical layout, the gravity gradient attitude creates the best
condition for the operation of SITE due to the small beam walk and
wavefront tilt.
8 Concluding Remarks
An analytical approach to obtaining the transient thermo-structural
response of an insulated space structure operating in the space shuttle
payload bay is presented. An important assumption, that the thermal
resistance of the insulation is very large, allows the nonlinear radiation
environment model to be decoupled from the linear internal conduction
model.
The payload bay thermal environment is characterized in terms of
transient thermal responses of a mesh of isothermal differential elements in
the bay. Two methods are developed to linearly approximate the heat
transfer from the environment to the underlying structure. The first model
uses an effective constant convection coefficient under the condition that the
surface temperature perturbation is not too large. The second adds an
effective surface temperature.
The transient thermal response of the structure is obtained from a
thermal finite element analysis. The decoupling of the radiation environment
and the internal conduction model simplifies the computation involved in the
finite element thermal analysis of the structure. The finite element model
involves only a linear conduction model with a linear convective boundary
condition. The structural temperature distribution is then applied to a
compatible structural finite element model to compute the thermal
deformations.
Numerical results are presented for a conceptual structural design of
SITE. Four shuttle orientations are considered to obtain the thermo-
structural response of the SITE structure: 1) sun view/cold, 2) Earth
view/cold, 3) gravity gradient, and 4) gravity gradient with sun. As expected,
the shuttle orientation has a significant effect on the temperature
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distribution of the structure. Surface temperature extremes of 189 K (-84 C)
to 384 K (111 C) occur in the sun view/cold attitude and a more moderate
surface temperature range of 238 K (-35 C) to 270 K (-3 C) occurs in the
gravity gradient attitude. The structural temperature variation is much
smaller due to the large thermal mass of SITE and the effectiveness of the
MLI. The maximum structure temperature variation appears in the sun
view/cold case where the temperature varied from 261 K (-12 C) to 268 K (-5
C). The average structural temperatures are moderate for three orbit cases
(approximately 260 K (-13 C)), and noticeably lower for the gravity gradient
attitude (252 K (-21C)).
The structure attains a maximum temperature differential of 7 K in
the sun view/cold attitude. The differential appears between surfaces 1 (top)
and 2 (bottom) of the structure. The gravity gradient attitude induces the
lowest temperature differential of 1 K, between the upper edge of surface 6
(back) and lower edge of surface 5 (front). The locations of the maximum
temperature differentials depend on the position of structure with respect to
the sun and the Earth, and hence the orbital parameters and the shuttle
orientation.
The structural response of SITE computed from the structural finite
element analysis is characterized by 1) a significant contraction of the
primary structure due to the decrease in the spatial average temperature and
2) a bending of the primary structure due to the temperature differentials.
The optical benches are displaced due the deformation of the primary
structure and the mechanical interaction between the primary and the
secondary structure. The performance strongly depends on the relative
positions and orientations of the internal benches with respect to each other.
The SITE performance metrics are computed based on the thermal
deformations: 1) DPL, 2) wavefront tilt, and 3) beam walk. The results
indicate that orbit 3 creates the best (out of the four orbits) condition for
operation of SITE.
The predicted maximum internal DPL is 11.8 gm, occurring in orbit 3,
and the maximum external DPL is 22.1 tm, also in orbit 3. These lengths
can be compensated for via the use of the ODL, which can change the path
length, up to 20 cm. The predicted maximum wavefront tilt is 26.4 arcsec
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induced by orbit 1 and the maximum allowable tilt that the current SITE
optics design can correct is 102 arcsec.
The wavefront tilt proves to be most problematic performance metric.
The thermally induced wavefront tilt is 25% of the total maximum allowable,
which may be larger than the fraction of the allowable tilt allocated to the
thermal disturbances. This budget allocation has not yet been established,
and thus the preliminary results indicate that for the first-cut SITE design
the thermally induced wavefront tilt may be too large. More detailed
integrated analysis is necessary to determine whether the thermal
deformation of the structure is a critical issue in the design of SITE.
These performance errors can be controlled by 1) selection of low
thermal load orbits, 2) a better thermo-structural design, which minimizes
the deformations, 3) an appropriate internal optical control system to
compensate for the path length and alignment errors, or 4) any combinations
of the above approaches. Thus the thermo-structural analysis is essential in
the design process and a successful design will require iterative thermo-
structural analyses to meet the functional requirements of SITE.
The analytical approach presented in the thesis allows an efficient
thermal analysis for multiple mission scenarios and structural designs. First,
the effective insulation assumption allows the radiation environment to be
decoupled from the internal structure, and thus the surface temperatures and
the structural temperatures are computed separately. Secondly, the simple
tool BAYTHERM allows quick computations of surface temperatures for
different orbit scenarios and structural geometries. Finally, the linearized
model of the MLI simplifies the thermal finite element analysis and reduces
the computation time.
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Appendix A Orbit Determination
In this appendix, given the date and the time of launch, the location
of the launch site, and the inclination of the orbit, the following parameters
are calculated: the solar vector in the inertial frame of reference and the
ascending node of the STS orbit. Relations used here are based on
astrodynamics [36, 37].
A. 1 Earth orbit determination
The Earth's position in its elliptic orbit about the sun is determined to
calculate the unit solar vector in the inertial frame, is (Fig. A.1). In
solving the problem the following assumptions are applied: 1) the motion of
the Earth can be approximated by a two-body problem, 2) any time-varying
perturbation in the Earth's orbit is neglected, and 3) the time of passage of
perihelion, z, is the first day of autumn, which is approximated to be
September 21. The units of time in this Earth orbit calculation are in days
for convenience. The time is expressed in day of year (DOY), where DOY is
the number of days elapsed since the first day of the year.
The Kepler's equation, Eq. (A.1), is used to identify the Earth's
motion about the sun. In Eq. (A.1), E is the eccentric anomaly, nEis the
mean motion of the Earth, a is the semimajor axis of the Earth's orbit, p is
the gravitational constant of the sun, td is the time in DOY, and ' is the time
of perihelion passage in DOY (Fig. A.1).
E-esin E = nE (td - ) (A.la)
where
nE= 3 (A.lb)
Va
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Figure A.1
Given the date of interest, the Kepler equation is solved numerically
to get the eccentric anomaly at that date using the Newton-Raphson
iteration method. Then the true anomaly f is computed from the following
relation.
tan( f ) =II+e tan(E2 = 2a (A.2)
The Earth orbit is in the ecliptic plane, and thus from Fig. A.1, the solar
vector in the inertial frame of reference is
S, = S is, (A.3a)
where
is = cos f x + sin f5i (A.3b)
A.2 STS orbit determination
The orientation of the shuttle orbital plane is determined in this
section. The analysis assumes that the shuttle reaches the orbit
instantaneously. Figure A.2 shows a typical orbit with the orbital
parameters identified. The angle v is introduced as the angle between the
initial position of shuttle and the line of nodes. At point P, the longitude of
the launch site intersects the equator (Fig. A.2). The vector j5 represents
the position of this intersection point referenced from the Earth's center.
Note that first, the direction of the vernal equinox relative to the launch site
varies as the Earth rotates about its axis. Secondly, the launch site is
located AS2 away from the line of nodes in the equatorial plane. Given the
orbital inclination, i, the latitude, A, and the longitude, 0, of the launch site,
and the time and the date of the launch, the ascending node, £2, of the orbit
is calculated to completely determine the orbit.
The ascending node is calculated with the use of the celestial
coordinate system. Refer to Ref. 37 for a complete understanding of time
and position measurement systems including the Universal Time (UT),
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Figure A.2
Julian dates, and hour angles (HA). Note that 3600 in HA corresponds to 24
hours in time. In the following development of relations, the hour
referenced to time and the hour angle are used interchangeably.
Figure A.3 illustrates the position of the shuttle relative to the vernal
equinox, the line of nodes, and the Greenwich meridian looking down on
the equatorial plane from the North pole. The hour angle of the vernal
equinox from Greenwich meridian is defined as the Greenwich Sidereal
Time (GST). From the geometry, the following relation can be derived to
compute the ascending node.
S= + GST - AD (A.4)
The GST is a function of launch date and time and the relation is derived in
Ref. 37.
GST = 6 h3 8 m4 5 .836 s + 86 4 0184.542 Tj + 0.0929 T2c + UT (A.5)
Tjc is the number of Julian centuries elapsed since January 0, 1900, 12:00
UT. The superscripts h, m, and s refer to hour, minute, and second in HA.
To convert from Eastern Standard Time (EST) to UT, the following equation
is used.
UT = EST + 5h (A.6)
To determine the angle Ad, consider the following unit vectors. An
equatorial plane coordinate system whose origin is located at P is defined
(Fig. A.4). The unit vector ip is in the direction of i, iq is tangent to the
equatorial plane and iz is in the direction of the Earth frame z-axis ZE. A
second coordinate system in the orbital plane is defined. A unit vector it is
in the direction of the line of nodes, and io is in the tangential direction of
the orbit (Fig. A.4).
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Figure A.4
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In the equatorial plane coordinate system
are written as
ir = cos A ip + sin A iz
o = cos i q + sin i iz
the unit vectors ir and io
(A.7)
(A.8)
In the orbital plane coordinate system ir is written as
(A.9)ir = cos v i. + sin v to
Upon substitution of Eq. (A.8) into Eq. (A.9), a new expression for i, results.
ir = cos v i. + sin v cos i q + sin v sinf i z (A.10)
Now two expressions for the dot product of ir and iz are obtained by dotting
Eq. (A.7) and Eq. (A.10) by iz.
ir z = sin ,3
ir" iz = sin V sin i
(A.11a)
(A.11b)
The above two expressions are identical and thus the angle v can be solved.
V = i sin I
= sin i (A.12)
The unit vector i, in the equatorial plane coordinate system is
iS = cos Ad ip + sin Ad iq(
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Figure A.3 shows that the cosine of the angle v is the dot product of
T "n -= cos V
The dot product of ir and in from Eqs. (A.7) and (A.13) yields
ir -to = cos A cos Ad2 (A.15)
By equating Eqs. (A.14) and (A.15) the angle ADi is computed from the
known angles.
A cos( 1 cos v
cos A
ir and
(A.14)
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(A.16)
Appendix B Reference Frames and
Rotation Matrices
In this appendix, the reference frames used in the thermal analysis
are defined. The mathematics and rotational kinematics involved in vector
transformations are presented. The notation system from Ref. 38 is used.
B.1 Introduction to reference frame transformation
Rotation matrices are used in spacecraft dynamics to
mathematically represent the orientation of one reference frame with
respect to another reference frame. A rotation matrix is a direction cosine
matrix and it possesses certain properties. Rotation matrix properties are
discussed in detail in Ref. 38.
The following notations are used in the thesis. A reference frame is
denoted by F A reference frame Fhas a coordinate system identified by x-,
y-, and z-axes. A principal rotation is a rotation about the x-, y-, or z-axis.
A principal rotation matrix is denoted by Ci(Wy) ,where i=1, 2, or 3, to indicate
the axis about which a principal rotation by angle V occurs. The subscripts
1, 2, and 3 correspond to x-, y-, and z -axes, respectively.
1 0 0
CI( y)= 0 cos Vy sin Vf (B.la)
0 -sin y cosyf
cosyf 0 -sin f
C2( 0 1 0 (B.1b)
sin y/ 0 cos y1 j
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cos y sin y 01
C3 () = - sin y cosf 0 (B.1c)
0 0 1
A transformation from reference frame B (IFB) to reference frame A
( A) is represented by a combination of three principal rotations, V1, 2,
and 13.
CA/B = Ci ( l)Cj ( 2)C k ( 3 ) (B.2)
where i, j, and k can be in any order and take on the value 1, 2, or 3. The
rotation matrix CA/B orients reference frame B (FB) to reference frame A
(IFA)
FA = CA/BFB (B.3)
Similarly, a vector (&B) can be transformed from reference frame FB to FA
by using the rotation matrix.
VA = CA/B &B (B.4)
The rotation matrix CB/A for a transformation from FA to B is the inverse
of CA/B, which in the case of the specified rotation matrices, Eq. (B.1), is
equal to the transpose of CA/B.
CB/A = CA/B (B.5)
To represent the relation between FB and a third reference frame Fc, the
rotation matrix CB/c can be computed, Eq. (B.2). Once CA/B and CB/c are
known, the rotation matrix CA/c can be determined to transform from Fc
to FA.
CA/C = CA/B CB/C (B.6)
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B.2 Reference frames
In the analysis, six reference frames are defined: 1) inertial, 2)
Earth, 3) orbit, 4) Earth-point, 5) bay, and 6) plate, denoted as YI, YE, Yo,
F, fB,and F, respectively. Utilizing Eqs. (B.1) through (B.6), the
rotation matrices which show the relations between these reference frames
are derived in the subsequent sections.
B.2.1 Inertial reference frame
The ecliptic plane identifies the x-y plane of the inertial reference
frame with the x-axis aligned with the vernal equinox (T), and the z-axis
pointing north (Fig. B.1).
B.2.2 Earth reference frame
The Earth reference frame has a coordinate system whose origin is
located at the center of the Earth (Fig. B.2). The equatorial plane defines the
x-y plane. The x-axis points in the direction of the vernal equinox (Y), and
the z-axis is the Earth's axis of rotation. The inertial and the Earth
coordinate systems differ by a rotation of y= -23.5 o about the inertial frame
x-axis (XI). The rotation matrix is
CE/I = CI(y) (B.7a)
The relation between the two reference frames is written as
FE = CE/IYI (B.7b)
B.2.3 Orbit reference frame
The orbit reference frame is defined by the three orbital angles - the
right ascension of the ascending node S2, the inclination i, and the
argument of perigee co. This reference frame is established by 3-1-3 Euler
angles rotation from the Earth reference frame. The sequence of rotations
begins with a rotation about the z-axis (ZE) by £2, which is followed by a
rotation about the new x-axis (Xk) by i and then a rotation about the orbit
frame z-axis (Zo ) by o [36]. For circular orbits, the argument of perigee is
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arbitrary and thus here it is set to be zero (w=0) for simplicity, and given the
inclination, the ascending node can be computed, Eq. (A.4) (Fig. B.3).
CO/E = C1 (i)C 3 () (B.8a)
The transformation from FE to fo is made by the following equation.
o = CO/E E (B.8b)
B.2.4 Earth-point reference frame
In the Earth-point frame the x-axis always points toward the center
of the Earth. The y-axis is tangent to the orbital path, and the z-axis is
defined accordingly to complete the right-hand coordinate system (Fig. B.4).
Note that the rotation matrix from the orbit frame to the Earth-point frame
is time dependent. At the entrance of sunlight, time is set to be zero, t=O.
To determine the principal rotation angles, the boundary of the
Earth's shadow is first located by introducing a shift angle qs as shown in
Fig. B.5. To compute this angle, the direction of the solar vector in the orbit
frame is computed.
SOIso - o (B.9a)
The orbit frame solar vector is obtained by transforming the solar vector in
inertial frame from Co01 , which is determined using the rotation matrix
product property, Eq. (B.6).
So = CoiS, (B.9b)
where Col/ = Co/ECEII (B.9c)
Then from the geometry, the angle is determined as
= o (Zo so) (B.10)
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Figure B.4
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Figure B.5
A rotation angle of Os + wot, where wo is the frequency of the circular
orbit, about the orbit frame z-axis (Zo) aligns the y-axis with the YR-axis
(Fig. B.5). The frequency of the orbit is calculated from Kepler's third law of
motion [36].
2x
o = (B.11a)
Po
where the period of the orbit Po is
r 3
Po = 21 (B.11b)YE
The shuttle is in a circular orbit with radius r, which is the sum of the
radius of the Earth, RE, and the altitude. The Earth's gravitational
constant is denoted as pE. Then a rotation of w about the y-axis orients the
coordinate system to the Earth-point system. The rotation matrix results as
follows.
CRIO = C 2 ( )C 3 ( s + Cot) (B.12a)
FR = CR/o o (B.12b)
B.2.5 STS bay reference frame
The STS bay frame of reference has a coordinate system whose origin
is at the geometric center of the STS payload bay. The x-axis points out of
the bay, and the y-axis points toward the nose of the space shuttle (Fig. 4.1).
In the standard STS coordinate system, x-axis points toward the tail of the
shuttle and the z-axis points out of the bay and the origin is located at (XB,
YB, ZB) = (400, 936, 0) inches [39].
Two types of shuttle attitudes, Earth-pointing attitude and constant
attitude hold, are considered in determining the rotation matrix CB/R for
transformation from the Earth-point to the bay reference frame. In the
Earth-pointing attitude, one of the bay axes points towards the Earth, and
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the other two bay axes rotate about this Earth-pointing axis (Fig. B.6a).
When the shuttle is in a constant attitude hold, the bay coordinates remain
fixed in the inertial frame (Fig. B.6b).
In either case, the bay axes with respect to the Earth-point coordinate
system at t=O, are defined by 3-2-1 Euler angles. Given 01, 02, and 03, this
sequence of rotation consists of a rotation 03 about ZR and another rotation
02 about YR, followed by a rotation 01 about X' (Fig. B.7). Thus, the rotation
matrix becomes
CBIRo = C 1 ( 1 )C 2 (02)C 3 (0 3 ) (B.13a)
where
CBIRO = CBIR t=0 (B.13b)
For the Earth-pointing attitude case, although the bay axes are
rotating about an axis, the rotation matrix CB/R is identical to CBIR because
the bay axes rotate about its own Earth-pointing axis at a same rate as the
Earth-point frame axes XR and YR rotate about ZR.
CBIR = CBIRO (B.14)
On the other hand, the rotation matrix CB/R is time dependent for the
constant attitude hold case. Note that the bay frame remains constant in
the inertial frame, but ER continually changes at a rate of mot , and thus the
rotation matrix is a function of time. Here, an intermittent rotation matrix
CROR is introduced to account for the transformation from the Earth-point
reference frame at any instant t to the initial Earth-point frame at t=O.
CRO/R = C 3 (ot) (B.15)
Then the rotation matrix CBR is a product of the rotation matrices CR/R and
CBIRo "
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(B.16)CBIR = CBROCRO/R
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The relation between R and F- for both Earth-pointing attitude and
constant attitude hold cases is
FB = CB,RYR (B.17)
B.2.6 Plate reference frame
The plate reference frame defines the orientation of a planar surface
of the structure, and thus the orientations of the differential elements that
lie on the surface. This reference frame has a coordinate system whose
origin is located at the center of the plate. The x-axis of the plate points in
the direction of the length of the plate and the y-axis points in the direction
of the width of the plate. The z-axis points in the direction of the surface
normal of the plate (outward from the exterior surface). The orientation of
the plate is determined by 3-2-1 Euler angles rotation from the bay frame
(Fig. B.8). Given tfl, Vf2, and V3, the bay coordinate system is first rotated
about the z-axis (ZB) by Vf3 and then it is rotated about the new y-axis (YB) by
/2. Finally, the coordinate system is rotated about the new x-axis (X') by /1
to establish the plate reference frame . The relation between the bay and the
plate reference frames is shown below.
CPB = C 1 ( y 1 ) C 2 ([ 2 )C 3 ( Y 3 ) (B.18a)
Fp = CPBFB (B.18b)
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Appendix C View Factors
This appendix presents the contour integral method used in view
factor calculation. For detailed discussion of contour integral method in
determining view factors, see Ref. 40.
C.1 View factor from a differential element to a polygon
Consider a polygon P with N vertices (Fig. C.1). The view factor from
a differential element to a planar surface P, Fda,, can be written as
follows [40].
1N
FdA,, = cE Ii" (-ndA) (C.1)
The magnitude of ij is the angle subtended at the element dA, by ith side, li,
of the polygon (Fig. C.1). The direction of ij is the outward normal of the
plane passing through the ith side of the polygon and the element.
ri = Yi ni (C.2)
The following algorithm was employed to calculate the view factor
FdA. An enclosed volume is defined by the differential element and the
polygon P as shown in the figure (Fig. C.1). Consider unit position vectors
vi, whose directions point from the element to the polygon vertices Vi, and
ni, the outward normals of the side surfaces of the volume where i=1, 2, ..,
N. The outward normal of the surface ii is perpendicular to the two
vectors 6i and 0 i+1 , which lie in that plane. Thus ii is defined by
nii = 1 x Vi+l (C.3a)
for i=1, 2, .. , N-1
125
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For surface N, vectors ^, and Vr lie in the same plane.
ni = v1 x Vi+ 1  (C.3b)
The angle ij is computed from a dot product of the unit position vectors Vi+ 1
and i3i, which lie in the ith surface.
yi = cos (V i+1 Vi) (C.4a)
for i=1, 2, .., N-1.
Then yN is determined from V1 and VN.
YN = COS- (V VN) (C.4b)
The above algorithm allows a simple evaluation of the view factor from a
differential element to a polygon.
C.2 View factor calculations for Earth and bay surface
To calculate the view factor from the differential element to the Earth
plane (recall that the Earth is assumed to be an infinite plane), the shape of
the Earth polygon that the differential element sees is determined by a
series of polygon clippings. Given two polygons, one of the polygons P 1 can
be clipped against the other polygon, referred to as the "window", where the
clipped polygon Pnew is the polygon that fits in the window (Fig. C.2).
Now consider two planes, the Earth plane and the plane in which the
element lies. The Earth plane and the element plane are defined by the
Earth pointing vector eR, Eq. (4.10), and the the element normal vector nd,
respectively. The Earth plane is transformed into the bay reference frame
by transforming the Earth pointing vector.
eB = CBIReR (C.5)
Note that the element "view" of the space is limited by the size of the
open top of the bay and the largest Earth polygon that the element can see is
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window
Figure C.2 Polygon clipping
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the rectangle delimited by the edges of the open top. Let this rectangle be
the initial window. The actual element view of the space, the final window,
is defined by the orientation of the element, ii, and is obtained by clipping
the element plane against the initial window (Fig. C.3). The part of the
final window that the Earth occupies is the Earth polygon, which is
obtained by clipping the Earth plane against the final window (Fig. C.3).
The view factors from the element to the bay surfaces are calculated
similarly. The bay surface is clipped against the element window to
determine the bay surface polygon. The algorithm in Ref. 41 is used for the
polygon clipping.
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Figure C.3
Appendix D BAYTHERM: Geometry and
Thermal Math Modeling Tool
BAYTHERM is a simplified geometry and thermal math modeling
tool to characterize the STS bay thermal environment. The description of
mesh generation algorithm, a summary of the orbital heat loads
calculations, and the finite difference form of the temperature solution are
presented. The input and the output parameters of the program are listed
and discussed by presenting an example of a typical run and the results.
D.1 Mesh generator
To create the geometry model of the structural surface, the structure
is assumed to consist of rectangular plates. Consider a rectangular
surface with length lp and width wp. The surface is then divided such that
the mesh has Nx and Ny equal spacing between the nodes in the x and the y
directions, respectively (Fig. D.1). The distance between the nodes in the x
direction AX and the y direction AY are
AX-
Nx (D.la)
AY = Wp
Ny (D.lb)
The total number of nodes are then Nx+1 and Ny+1 in the x and the y
directions, respectively. Each node represents a differential element. The
nodes are numbered following the same numbering scheme as Automatic
Dynamic Incremental Nonlinear Analysis (ADINA) finite element
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analysis software. The first column of nodes is the rightmost column of the
mesh (Fig. D.1). The first row of nodes is the uppermost row of the mesh.
The first node of each row is the node at the first column. The nodes are
numbered, beginning with the first node of the first row, moving down the
column towards the negative x-axis. The last node of the row is followed by
the first node of the next row.
The local position vector of the node in the plate coordinate system is
rF. The coordinate system of the plate is displaced by Fp, which is the
position vector of the center of the plate in the bay coordinate system (Fig.
D.2). The angular displacement of the plate coordinate system is specified
by 3-2-1 Euler angles. Then the position vector of the nodes in the bay
coordinate system can be calculated as
dA = + CPI/BN (D.2)
where CIB, Eq. (B.18a), is the rotation matrix for transformation from the
bay coordinate system to the plate coordinate system.
D.2 Orbital heat load calculation
The input orbital parameters are the launch time and date, the
inclination, and the altitude. From these parameters, the ascending node
£, Eq. (A.4), and the period Po, Eq. (B.11b), are calculated to determine the
orbit of the shuttle. Then the rotation matrices CE/I, Eq. (B.7a), and COlE,
Eq. (B.8a), are computed. Once Co01 , Eq. (B.9c), is known, the boundary of
the Earth's shadow is determined from Os, Eq. (B.10). The type of the shuttle
orientation, Earth-pointing or constant attitude hold, and the STS 3-2-1
Euler angles (01, 02, 03) are also specified by the user. Then CBR is
computed from these parameters, Eqs. (B.13) through (B.16).
The position of the Earth relative to the sun is determined from the
launch date to compute the inertial solar vector SI, Eq.(A.3). Now the
vector SB, Eq. (4.3b), is obtained, and based on the position vector Fd the
absorbed solar heat is computed, Eq. (4.3) through Eq. (4.8). The solar
vector in the Earth-point frame S,, Eq. (4.11b), and the bay frame Earth-
pointing vector eB, Eq. (C.5), are determined to calculate the reflection
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angle, Eq. (4.12), and the view factor from the differential element to the
Earth (Appendix C). Then the solar, albedo, and the Earth heat loads are
evaluated at every time step due to the time-varying rotation matrices CR/I
and C,/I; these rotation matrices depend on the orbital position of the STS
and the relative orientation of the element with respect to the sun and the
Earth. When the STS orientation changes during the orbit, the rotation
matrix CR/R is recalculated from the new STS 3-2-1 Euler angles and the
heat loads are calculated as before.
The input parameters for mesh modeling are the dimensions of the
structural surface plates, the location of the plates, the orientations (3-2-1
Euler angles y1, V2, and Vy3) of the plates, and the number of divisions of the
nodes. The rotation matrix CP/B, Eq. (B.18a), is calculated to obtain the
position vector FA, Eq. (D.2), and the surface normal vector of the
differential element ,4. The view factors from the element to the bay
surfaces are then evaluated to compute the bay heat load.
D.3 Temperature calculation
The nodal temperature is obtained by solving Eq. (4.17) using the 4th
order Runge-Kutta finite difference scheme, Eq. (D.3). The equation that is
being integrated is the first time derivative of the temperature (f = dTo/dt),
which is a function of the nodal temperature and time.
K 1 = At f (To , t j ) (D.3a)
K 2 = Atf(To + - K 1, t j + - At ) (D.3b)2 2
j1 1
K 3 = At f(To + -K 2 , tJ + -At ) (D.3c)2 2
K 4 = At f(T + K 3 , t + At) (D.3d)
j+1 j 1TJ = + 1 (K 1 + 2K 2 + 2K 3 + K 4 ) (D.3e)6
The time step size,the jth time step, and the temperature of the node at jth
time step are denoted as At, tj and, ToJ respectively. Given the initial
temperature and the time step size provided by the user, the heat loads are
calculated to evaluate K 1, K 2 , K3 , and K 4 , at the corresponding time steps,
and then the nodal temperature at the next time step is computed. This
procedure is repeated for all nodes in the surface mesh to obtain the
complete temperature distribution.
The user should be aware of the effects of the initial temperature and
the time step size on the results. First, note that the transient thermal
response depends on the initial temperature. To reduce the sensitivity of
the thermal response on the initial condition, the user can specify the
number of orbits to be observed such that Eq. (4.17) can be integrated for two
or more orbits. As a result, enough time is elapsed such that the initial
condition becomes irrelevant, and the temperature of the node at one
position in the orbit is approximately the same as the temperature at that
position in the previous orbit. Secondly, for stability and desired accuracy,
the time step size must decrease as the thickness of the surface layer h
becomes small.
D.4 Running BAYTHERM
This section provides basic guidelines on running BAYTHERM. The
first subsection explains the input stage with an example. The second
subsection presents examples of text and graphic output.
D.4.1 Input
An example of the interactive input session of BAYTHERM is shown
in Table. D.1. Each prompt of the interactive input stage is further clarified
in this section. In the example, the user inputs are in bold type and the
number preceded by each prompt corresponds to the number indicated in
the description below. Note that these numbers in the example do not
appear in the actual input session.
1. The thermo-physical properties of the surface layer, Cas, So, c, p, h, are
input in the corresponding units indicated in the nomenclature
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section. The numbers shown in the example correspond to the
properties of a 1/4 mil aluminized Kapton.
2. At this prompt, the user indicates whether an output of temperatures
is desired.
3. An output of the heat loads can also be obtained.
4. The heat loads are presented either in individual heat load term (i.e.
q sun ' albedo ' Earth ' bay and qloss ) or as a sum of the absolute values
of the individual loads (qexternal = sun + qalbedo + qEarth + qbay + qloss I)
5. The user specifies the date of launch. Single digit months and dates
should be preceded by 0 (zero). A single space separates the date from
the month.
6. The inclination of the orbit, i, is input in degrees.
7. The time of launch in EST is input in hours. The minutes should be
converted into a decimal form of an hour. Then the year of launch is
specified. The program is limited to years from 1994 to 2000 for
accuracy in computing the ascending node.
8. The latitude and the longitude are input in degrees (for launch at Cape
Canaveral, /=-28.4 0and 0=-80.6 0).
9. The altitude of the STS orbit is entered here in km.
10. The type of STS orientation can be either an Earth-pointing attitude or
a constant attitude hold.
11. The 3-2-1 Euler angles, 01, 02, and 03, which specify the orientation of
the STS bay are input in the order indicated at the prompt. The units
are in degrees.
12. The STS orientation can change at any time during the orbit.
13. The user inputs the time during which STS maintains the new
orientation.
14. The type and the 3-2-1 Euler angles of the new STS attitude are entered.
15. The normal vector of the element, i&, which also represents the
normal vector of the plate of the structure needs to be specified. The
user enters the unit normal vector in x, y, z components in the bay
reference frame in the specified sequence.
16. To reduce the sensitivity of the thermal response on the initial
temperature, several orbits can be simulated continuously.
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17. The initial temperature of the differential element is required. This
initial temperature is assigned to all the nodes in the mesh.
18. Now the period of the orbit is output to the screen. Based on the period,
the user inputs the time step size to be used in the finite difference
scheme. Note that the time step size depends on the thickness of the
surface layer (see Section D.3).
19. This input allows the user to control how frequently the temperature is
recorded in the output file. The temperatures can be output at a
different step size than the time step size to avoid an unnecessarily
large output file.
20. The plate dimensions are required for the mesh generation.
21. The number of divisions, Nx and Ny, are input here.
22. The number of the first node of the mesh is arbitrary, but to facilitate
the data transfer process from BAYTHERM to ADINA, the first node
number of the mesh should be assigned such that it is identical to the
node number assigned by ADINA.
23. The user specifies the displaced position vector of the plate, Fp.
24. The 3-2-1 Euler angles, y1, 12, and y3, for bay to plate reference frame
transformation are input in the same order as that of the STS 3-2-1
Euler angles.
25. The number of nodes in the mesh are indicated. The next prompt
allows the user to send the output to several files by specifying the
number of nodal temperature histories per output file.
26. The following lines prompt the user to enter the names of the output
files.
27. Here the user has the option to quit or continue to run another case. By
continuing, the new case retains the same orbital and thermo-physical
properties specified in the previous run. The parameters which the
user can change are the normal vector of the differential element, the
number of orbits, the initial temperature, the time step size, the mesh
generation input parameters, and the output control parameters.
Because BAYTHERM is limited to mesh generations of rectangular
surfaces, this option of continuation allows the user to obtain the
thermal response of an entire structural surface without repeatedly
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inputting the same parameters for each rectangular surface of the
structure. However, to change the orbit parameters or the thermo-
physical parameters, the user needs to quit the current session and
start another session.
D.4.2 Output
The output provided by BAYTHERM is in ADINA-IN temperature
card format such that the output can be used in the input file for ADINA
with as much automation as possible. Each nodal temperature history
begins with the title "TIMEFUNCTION" and the node number (Table D.2).
Each line following the title contains two records. The first record is the
time elapsed since STS sunlight entry, t, and the second record is the
temperature, To, at that time. An example of the heat loads output in the
component form is shown in Table D.3a, where the records across each line
are q sun qalbedo' qEarth' qbay , and q loss, respectively, at the corresponding
time shown in the temperature output file. The summed form is shown in
Table D.3b.
The temperature output file can also be input to a graphic software
package to obtain graphic results and perform additional calculations. An
example of the output using TECPLOT software is shown in Fig. D.3. The
plot shows the temperature histories of all nodes of the first mesh created in
the input example, Table D.1. Each curve corresponds to a node on the
mesh.
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Table D.1 An example of a typical input session of
BAYTHERM
(1) Enter the following material and surface properties:
solar absorptivity and emissivity in infrared:
0.31 0.45
specific heat [J/kg-mA3], density [kg/mA3]
and thickness of dA:
1005.6048 1411.675 6.35e-6
(2) Do you want an output of temperatures?
Yes (1), No(0)
(3) Do you want an output of heat load?
Yes (1), No(0)
1
(4) Total heat load, enter 1:
Heat loads broken up, enter 2:
1
(5) Enter date of interest: (month (space) day )
e.g. 03 04 for March 4th, 12 27 for Dec 27th):
no leap years please
09 21
(6) Enter inclination:
28.5
(7) Enter time of launch in EST (hours) and year
12.5 1998
(8) Enter latitude and longitude of launch site
28.4 -80.6
(9) Enter the altitude of orbit (assuming circ orbit)
278
(10) Enter type of orbit:
1. Earth pointing
2. Constant attitude hold
(km):
2
(11) Enter thetal (rotation about 1 axis) in degrees:
Enter theta2 (rotation about 2 axis) in degrees:
Enter theta3 (rotation about 3 axis) in degrees:
0 24.408001686 88.568936
(1 2) To change the orientation in the middle of the
orbit, enter 1, otherwise enter 0:
1
(13) Enter initial and final time during which the
spacecraft is in the new orientation
(in seconds) and the orbit number
2700 5400 2
(14) Enter type of orbit for the new orientation:
1. Earth pointing
2. Constant attitude hold
1
Enter thetal (rotation about 1 axis) in degrees:
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Enter theta2 (rotation about 2 axis) in degrees:
Enter theta3 (rotation about 3 axis) in degrees:
0 204.408001686 88.568936
(15) Enter dA normal vector in bay coords:
(x-y-z)
100
(16) Enter number of orbits to be observed:
2
(17) Enter initial temperature [in K]:
293
(18) The period of orbit is 90.06995395287215 min
Enter time step for orbit 1 in seconds
1
Enter time step for orbit 2 in seconds
1
(19) How often should the temperature be recorded?
(e.g. for every other timestep, enter 2)
60
* * * * * NODAL COORDINATES * * * * * * *
(20) Enter plate length and width:
4 0.9
(21) Enter N_x and N_y:
12 3
(22) Enter starting node no:
1
(23) Enter position vector from bay to plate origin:
0.35 4.7058 0
(24) Enter angle of rotation from bay to plate origin:
(3-2-1 euler angle)
0 90 0
(25) There are 52 nodes.
How many data points do you want in one file?
13
(26) Enter temperature filename no. 1
'p1 rowlt.dat'
Enter heat load filename no. 1
'p1 rowl q.dat'
Enter temperature filename no. 2
'plrow2t.dat'
Enter heat load filename no. 2
'pl row2q.dat'
Enter temperature filename no. 3
'pl row3t.dat'
Enter heat load filename no. 3
'plrow3q.dat'
Enter temperature filename no. 4
'p1 row4t.dat'
Enter heat load filename no. 4
'p1row4q.dat'
(27) To continue enter 1.
To stop the program enter 0.
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1
(15) Enter dA normal vector in bay coords:
(x-y-z)
-1 0 0
(16) Enter number of orbits to be observed:
2
(17) Enter initial temperature [in K]:
293
(18) Enter time step for orbit 1 in seconds
1
Enter time step for orbit 2 in seconds
1
(19) How often should the temperature be recorded?
(e.g. for every other timestep, enter 2)
60
* * * * * NODAL COORDINATES * * * * * * *
(20) Enter plate length and width:
4 0.9
(21) Enter N_x and N_y:
12 3
(22) Enter starting node no:
157
(23) Enter position vector from bay to plate origin:
-0.35 4.7058 0
(24) Enter angle of rotation from bay to plate origin:
(3-2-1 euler angle)
0 90 0
(25) There are 52 nodes.
How many data points do you want in one file?
13
(26) Enter temperature filename no. 1
'p2rowlt.dat'
Enter heat load filename no. 1
'p2rowl q.dat'
Enter temperature filename no. 2
'p2row2t.dat'
Enter heat load filename no. 2
'p2row2q.dat'
Enter temperature filename no. 3
'p2row3t.dat'
Enter heat load filename no. 3
'p2row3q.dat'
Enter temperature filename no. 4
'p2row4t.dat'
Enter heat load filename no. 4
'p2row4q.dat'
(27) To continue enter 1.
To stop the program enter 0.
0
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Table D.2 An example of a text temperature output of
BAYTHERM
TIMEFUNCTION 1
0.0 246.968
60.0 342.487
120.0 342.140
180.0 341.702
240.0 341.183
300.0 340.592
360.0 339.939
420.0 339.239
480.0 338.507
540.0 337.757
600.0 337.008
660.0 336.275
720.0 335.575
780.0 334.924
840.0 334.335
900.0 333.819
960.0 333.384
1020.0 333.035
1080.0 332.769
1140.0 332.583
1200.0 332.470
TIMEFUNCTION 2
0.0 245.414
60.0 341.882
120.0 341.504
180.0 341.024
240.0 340.450
300.0 339.792
360.0 339.062
420.0 338.274
480.0 337.443
540.0 336.589
600.0 335.728
660.0 334.880
720.0 334.065
780.0 333.300
840.0 332.603
900.0 331.987
960.0 331.464
1020.0 331.040
1080.0 330.717
1140.0 330.488
1200.0 330.346
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Table D.3a An example of a text heat load output of
BAYTHERM in component form
Heat loads of Node No. 1
0.2574144E+03
0.2574144E+03
0.2574144E+03
0.2574144E+03
0.2574144E+03
0.2574144E+03
0.2574144E+03
0.2574144E+03
0.2574144E+03
0.2574144E+03
0.2574144E+03
0.2574144E+03
O.0000000E+00
0.0000000E+00
0.0000000E+00
0.0000000E+00
O.0000000E+00
O.0000000E+00
O.0000000E+00
0.0000000E+00
0.0000000E+00
0.0000000E+00
0.0000000E+00
0.0000000E+00
0.1802639E-1 4
0.2231980E+01
0.4061998E+01
0.5491323E+01
0.6530742E+01
0.7200050E+01
0.7527304E+01
0.7547851E+01
0.7303137E+01
0.6839327E+01
0.6205738E+01
0.5453136E+01
0.0000000E+00
0.0000000E+00
0.0000000E+00
0.0000000E+00
0.0000000E+00
0.0000000E+00
0.0000000E+00
0.0000000E+00
0.0000000E+00
0.0000000E+00
0.0000000E+00
0.0000000E+00
0.4047579E+02
0.3719317E+02
0.3392659E+02
0.3070090E+02
0.2754061E+02
0.2446966E+02
0.2151117E+02
0.1868722E+02
0.1601850E+02
0.1352406E+02
0.1122089E+02
0.9123551E+01
0.3812460E+02
0.3812460E+02
0.3812460E+02
0.3812460E+02
0.3812460E+02
0.3812460E+02
0.3812460E+02
0.3812460E+02
0.3812460E+02
0.3812460E+02
0.3812460E+02
0.3812460E+02
0.5416771 E+02
0.5416771 E+02
0.5416771 E+02
0.5416771E+02
0.5416771 E+02
0.5416771 E+02
0.5416771E+02
0.5416771E+02
0.5416771E+02
0.5416771E+02
0.5416771E+02
0.5416771E+02
0.5416771E+02
0.5416771 E+02
0.5416771E+02
0.5416771 E+02
0.5416771E+02
0.5416771 E+02
0.5416771 E+02
0.5416771 E+02
0.5416771 E+02
0.5416771 E+02
0.5416771 E+02
0.5416771E+02
0.9491945E+02
0.3510525E+03
0.3496298E+03
0.3478464E+03
0.3457372E+03
0.3433456E+03
0.3407225E+03
0.3379252E+03
0.3350155E+03
0.3320585E+03
0.3291205E+03
0.3262668E+03
0.9229864E+02
0.9229231E+02
0.9229231E+02
0.9229231E+02
0.9229231E+02
0.9229231E+02
0.9229231E+02
0.9229231E+02
0.9229231E+02
0.9229231E+02
0.9229231E+02
0.9229231E+02
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Table D.3b An example of a text heat load output of
BAYTHERM in a summed form
Heat loads of Node No. 1
0.4497037E+03
0.4772429E+03
0.5060339E+03
0.5346413E+03
0.5617851E+03
0.5865073E+03
0.6082377E+03
0.6267681E+03
0.6421718E+03
0.6547068E+03
0.6647269E+03
0.6726163E+03
0.6787459E+03
0.6834499E+03
0.6870156E+03
0.6896824E+03
0.6916451E+03
0.6930596E+03
0.6940490E+03
0.6947099E+03
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Figure D.3 An example of a temperature output of BAYTHERM presented
graphically in TECPLOT
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Appendix E Finite Element Analysis Input
Table E.1 A sample ADINA input file
* ADINA -IN INPUT FILE FOR ADINA-T
* A FE model of a thin gr/ep thin plate to model 2-D conduction with
* convection boundary condition on one end
* Units SI (m, J, K, kg)
DATABASE CREATE
FEPROGRAM ADINA-T
FILEUNITS LIST=8 LOG=7 ECHO=7
CONTROL PLOTUNIT=PERCENT HEIGHT=1.25
COLORS ORIGINAL=INVERSE ELEMENTS=INVERSE BCODE=INVERSE
VECTORS=INVERSE
FCONTROL HEADING=UPPER ORIGIN=LOWERLEFT SIZE=DIRECT,
XSF=5 YSF=5 XFMAX=90 YFMAX=90
MASTER IPRI=15
WORKSTATION 12 COLORS=RGB BACKGROUND=WHITE
HEADING 'AL BOX'
ANALYSIS TRANSIENT
*PORTHOLE FORMATTED=YES
TIMESTEP
90 60
TIMEFUNCTION 1
0.0 269.601
60.0 1216.250
120.0 1211.068
180.0 1205.057
240.0 1198.265
300.0 1190.777
360.0 1182.665
420.0 1174.051
480.0 1165.053
540.0 1155.815
600.0 1146.473
COORDINATES
* PLATE 1
1 0.32385 5.70102 -2.08234
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13 0.32385 5.70102 2.08234
27 0.32385 4.70880 -2.08234
39 0.32385 4.70880 2.08234
40 0.32085 5.70102 -2.08234
52 0.32085 5.70102 2.08234
66 0.32085 4.70880 -2.08234
78 0.32085 4.70880 2.08234
* PLATE 2
79 -0.32085 5.70102 -2.08234
91 -0.32085 5.70102 2.08234
105 -0.32085 4.70880 -2.08234
117 -0.32085 4.70880 2.08234
118 -0.32385 5.70102 -2.08234
130 -0.32385 5.70102 2.08234
144 -0.32385 4.70880 -2.08234
156 -0.32385 4.70880 2.08234
*PLATE 3
157 0.32085 4.70880 2.08534
159 0.32085 5.70102 2.08534
163 -0.32085 4.70880 2.08534
165 -0.32085 5.70102 2.08534
*PLATE 4
169 0.32085 4.70880 -2.08534
171 0.32085 5.70102 -2.08534
175 -0.32085 4.70880 -2.08534
177 -0.32085 5.70102 -2.08534
*PLATE 5
181 0.32085 5.70402 -2.08234
193 0.32085 5.70402 2.08234
207 -0.32085 5.70402 -2.08234
219 -0.32085 5.70402 2.08234
*PLATE 6
231 0.32085 4.70580 -2.08234
243 0.32085 4.70580 2.08234
257 -0.32085 4.70580 -2.08234
269 -0.32085 4.70580 2.08234
*CUBIC FILLERS
281 0.32385 5.70402 2.08234
282 0.32385 5.70402 2.08534
283 0.32385 5.70102 2.08534
284 0.32085 5.70402 2.08534
285 0.32385 4.70880 2.08534
286 0.32385 4.70580 2.08234
287 0.32385 4.70580 2.08534
288 0.32085 4.70580 2.08534
289 -0.32085 5.70402 2.08534
290 -0.32385 5.70402 2.08234
291 -0.32385 5.70402 2.08534
292 -0.32385 5.70102 2.08534
293 -0.32085 4.70580 2.08534
294 -0.32385 4.70880 2.08534
295 -0.32385 4.70580 2.08234
296 -0.32385 4.70580 2.08534
*cubic fillers (@plate4 face)
297 0.32385 5.70402 -2.08534
298 0.32385 5.70402 -2.08234
299 0.32385 5.70102 -2.08534
300 0.32085 5.70402 -2.08534
301 0.32385 4.70880 -2.08534
302 0.32385 4.70580 -2.08534
303 0.32385 4.70580 -2.08234
304 0.32085 4.70580 -2.08534
305 -0.32085 5.70402 -2.08534
306 -0.32385 5.70402 -2.08534
307 -0.32385 5.70402 -2.08234
308 -0.32385 5.70102 -2.08534
309 -0.32085 4.70580 -2.08534
310 -0.32385 4.70880 -2.08534
311 -0.32385 4.70580 -2.08534
312 -0.32385 4.70580 -2.08234
* Aluminum
MATERIAL 1 ISOTROPIC K=167, C=2.4119e6
MATERIAL 2 CONSTH H=0.0292159
EGROUP 1 THREEDCONDUCTION MATERIAL=1
GVOLUME 1 13 39 27 40 52 78 66 EL1=12 EL2=2 EL3=1 NODES=8
NCOINCIDE=ALL
GVOLUME 79 91 117 105 118 130 156 144 EL1=12 EL2=2 EL3=1 NODES=8
NCOINCIDE=ALL
GVOLUME 157 159 165 163 78 52 91 117 EL1=2 EL2=2 EL3=1 NODES=8
NCOINCIDE=ALL
GVOLUME 169 171 177 175 66 40 79 105 EL1=2 EL2=2 EL3=1 NODES=8
NCOINCIDE=ALL
GVOLUME 181 193 219 207 40 52 91 79 EL1=12 EL2=2 EL3=1 NODES=8
NCOINCIDE=ALL
GVOLUME 231 243 269 257 66 78 117 105 EL1=12 EL2=2 EL3=1 NODES=8
NCOINCIDE=ALL
* "CUBIC FILLERS"
GVOLUME 281 282 283 13 193 284 159 52 EL1=1 EL2=1 EL3=1 NODES=8
NCOINCIDE=ALL
GVOLUME 39 285 287 286 78 157 288 243 EL1=1 EL2=1 EL3=1 NODES=8
NCOINCIDE=ALL
GVOLUME 219 289 165 91 290 291 292 130 EL1=1 EL2=1 EL3=1 NODES=8
NCOINCIDE=ALL
GVOLUME 117 163 293 269 156 294 296 295 EL1=1 EL2=1 EL3=1 NODES=8
NCOINCIDE=ALL
GVOLUME 297 298 1 299 300 181 40 171 EL1=1 EL2=1 EL3=1 NODES=8
NCOINCIDE=ALL
GVOLUME 301 27 303 302 169 66 231 304 EL1=1 EL2=1 EL3=1 NODES=8
NCOINCIDE=ALL
GVOLUME 305 207 79 177 306 307 118 308 EL1=1 EL2=1 EL3=1 NODES=8
NCOINCIDE=ALL
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GVOLUME 175 105 257 309 310 144 312 311 EL1=1 EL2=1 EL3=1 NODES=8
NCOINCIDE=ALL
* "BEAM FILLERS"
GVOLUME 298 281 13 1 181 193 52 40 EL1=12 EL2=1 EL3=1 NODES=8
NCOINCIDE=ALL
GVOLUME 27 39 286 303 66 78 243 231 EL1=12 EL2=1 EL3=1 NODES=8
NCOINCIDE=ALL
GVOLUME 13 283 285 39 52 159 157 78 EL1=1 EL2=2 EL3=1 NODES=8
NCOINCIDE=ALL
GVOLUME 299 1 27 301 171 40 66 169 EL1=1 EL2=2 EL3=1 NODES=8
NCOINCIDE=ALL
GVOLUME 207 219 91 79 307 290 130 118 EL1=12 EL2=1 EL3=1 NODES=8
NCOINCIDE=ALL
GVOLUME 105 117 269 257 144 156 295 312 EL1=12 EL2=1 EL3=1 NODES=8
NCOINCIDE=ALL
GVOLUME 91 165 163 117 130 292 294 156 EL1=1 EL2=2 EL3=1 NODES=8
NCOINCIDE=ALL
GVOLUME 177 79 105 175 308 118 144 310 EL1=1 EL2=2 EL3=1 NODES=8
NCOINCIDE=ALL
* VERTICAL FILLERS
GVOLUME 159 284 289 165 52 193 219 91 EL1=1 EL2=2 EL3=1 NODES=8
NCOINCIDE=ALL
GVOLUME 288 157 163 293 243 78 117 269 EL1=1 EL2=2 EL3=1 NODES=8
NCOINCIDE=ALL
GVOLUME 171 300 305 177 40 181 207 79 EL1=1 EL2=2 EL3=1 NODES=8
NCOINCIDE=ALL
GVOLUME 304 169 175 309 231 66 105 257 EL1=1 EL2=2 EL3=1 NODES=8
NCOINCIDE=ALL
EDATA
ENTRIES EL PRINT
1 NO
STEP TO
176 NO
*LIST COORDINATES
*LIST ENODES
EGROUP 2 CONVECTION SUBTYPE=SURFACE MATERIAL=2
GSURFACE 1 13 39 27 EL1=12 EL2=2 NODES=4 NCOINCIDE=ALL
GSURFACE 118 130 156 144 EL1=12 EL2=2 NODES=4 NCOINCIDE=ALL
GSURFACE 157 159 165 163 EL1=2 EL2=2 NODES=4 NCOINCIDE=ALL
GSURFACE 169 171 177 175 EL1=2 EL2=2 NODES=4 NCOINCIDE=ALL
GSURFACE 181 193 219 207 EL1=12 EL2=2 NODES=4 NCOINCIDE=ALL
GSURFACE 231 243 269 257 EL1=12 EL2=2 NODES=4 NCOINCIDE=ALL
INITIAL TEMPERATURES TREF=260.846
10
STEP TO
364 0
LOADS CONVECTION TYPE=NODES
11 1
21 2
31 3
41 4
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51 5
61 6
71 7
81 8
91 9
101 10
ADINA-T
END
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7 901
16
815 34
912 40 68 115
849 6
30 586 1 4
90 116
41 13
1 7
6109
Figure E.1 Node numbers for NASTRAN structural model
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NASTRAN temperature cards for temperature
distributions entry
$ orbit 1
$ temperature
temp 100
temp 100
temp 100
temp 100
temp 100
temp 100
temp 100
temp 100
temp 100
temp 100
temp 100
temp 100
temp 100
temp 100
temp 100
temp 100
temp 100
temp 100
temp 100
temp 100
temp 100
temp 100
temp 100
temp 100
temp 100
temp 100
temp 100
temp 100
temp 100
temp 100
temp 100
temp 100
temp 100
temp 100
temp 100
temp 100
temp 100
temp 100
temp 100
$ orbit 2
$ temperature
temp 101
temp 101
temp 101
temp 101
temp 101
temp 101
distribution at 45
1
4
7
10
13
16
20
23
26
29
32
35
39
42
45
48
51
55
58
61
64
67
70
74
77
80
83
86
89
93
96
99
102
105
109
112
115
901
904
261.20
262.06
263.54
261.06
262.10
264.39
260.70
264.88
262.10
260.68
264.99
262.14
261.12
267.74
263.00
261.11
267.72
260.99
262.27
264.86
260.99
262.27
264.87
260.66
265.01
262.13
260.65
265.02
262.14
261.10
267.70
262.97
261.12
267.05
261.17
262.03
263.58
260.00
260.00
min
2 261.15
5 263.61
8 261.99
11 260.78
14 264.47
17 261.99
21 261.12
24 267.58
27 262.95
30 261.12
33 267.74
37 261.01
40 262.29
43 264.88
46 261.00
49 262.27
52 264.86
56 260.66
59 264.97
62 262.11
65 260.66
68 264.98
71 262.11
75 261.11
78 267.78
81 263.00
84 261.11
87 267.81
91 261.00
94 262.24
97 264.84
100 261.04
103 262.11
106 264.47
110 261.10
113 263.64
116 261.96
902 260.00
905 260.00
distribution at t=45 min
1 259.26 2 259.17
4 259.35 5 259.55
7 259.60 8 259.40
10 259.29 11 259.12
13 259.44 14 259.73
16 259.80 17 259.52
3 261.26
6 264.39
9 262.40
12 261.14
15 266.88
19 261.02
22 262.24
25 264.78
28 261.01
31 262.29
34 264.88
38 260.67
41 264.99
44 262.13
47 260.67
50 264.98
53 262.12
57 261.11
60 267.72
63 262.98
66 261.10
69 267.74
73 260.99
76 262.28
79 264.89
82 261.00
85 262.28
88 264.91
92 260.67
95 264.94
98 262.11
101 260.74
104 264.55
107 262.00
111 261.23
114 264.44
117 262.41
903 260.00
906 260.00
3 259.21
6 259.63
9 259.41
12 259.23
15 260.02
19 259.33
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temp 101
temp 101
temp 101
temp 101
temp 101
temp 101
temp 101
temp 101
temp 101
temp 101
temp 101
temp 101
temp 101
temp 101
temp 101
temp 101
temp 101
temp 101
temp 101
temp 101
temp 101
temp 101
temp 101
temp 101
temp 101
temp 101
temp 101
temp 101
temp 101
temp 101
temp 101
temp 101
temp 101
$ orbit 3
$ temperature
temp 102
temp 102
temp 102
temp 102
temp 102
temp 102
temp 102
temp 102
temp 102
temp 102
temp 102
temp 102
temp 102
temp 102
temp 102
20
23
26
29
32
35
39
42
45
48
51
55
58
61
64
67
70
74
77
80
83
86
89
93
96
99
102
105
109
112
115
901
904
259.12
259.88
259.61
259.12
259.97
259.67
259.29
260.43
259.70
259.30
260.47
259.38
259.61
260.14
259.38
259.61
260.13
259.13
260.02
259.70
259.12
259.97
259.67
259.25
260.24
259.60
259.23
260.02
259.26
259.35
259.60
260.00
260.00
21
24
27
30
33
37
40
43
46
49
52
56
59
62
65
68
71
75
78
81
84
87
91
94
97
100
103
106
110
113
116
902
905
259.25
260.24
259.60
259.27
260.36
259.37
259.59
260.10
259.38
259.61
260.13
259.13
260.06
259.72
259.13
260.05
259.72
259.29
260.43
259.70
259.27
260.36
259.33
259.51
259.96
259.29
259.44
259.80
259.17
259.55
259.40
260.00
260.00
distribution at t=90 min
1 252.31 2 252.50
4 252.56 5 252.46
7 252.16 8 252.24
10 252.26 11 252.52
13 252.60 14 252.42
16 252.03 17 252.08
20 252.52 21 252.65
23 252.38 24 252.03
26 252.00 27 252.29
29 252.51 30 252.65
32 252.36 33 251.97
35 251.94 37 252.15
39 252.66 40 252.61
42 251.93 43 251.82
45 252.24 46 252.13
22 259.51
25 259.96
28 259.35
31 259.56
34 260.05
38 259.13
41 260.02
44 259.70
47 259.13
50 260.05
53 259.72
57 259.30
60 260.48
63 259.72
66 259.30
69 260.47
73 259.37
76 259.59
79 260.10
82 259.35
85 259.56
88 260.05
92 259.12
95 259.88
98 259.61
101 259.12
104 259.73
107 259.52
111 259.21
114 259.63
117 259.41
903 260.00
906 260.00
3 252.61
6 252.30
9 252.38
12 252.63
15 252.12
19 252.21
22 252.61
25 251.92
28 252.17
31 252.61
34 251.86
38 252.51
41 252.35
44 251.90
47 252.51
102 48 252.66 49 252.61 50 252.34
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temp 102
temp 102
temp 102
temp 102
temp 102
temp 102
temp 102
temp 102
temp 102
temp 102
temp 102
temp 102
temp 102
temp 102
temp 102
temp 102
temp 102
temp 102
temp 102
temp 102
temp 102
temp 102
temp 102
$ orbit 4
$ temperature
temp 103
temp 103
temp 103
temp 103
temp 103
temp 103
temp 103
temp 103
temp 103
temp 103
temp 103
temp 103
temp 103
temp 103
temp 103
temp 103
temp 103
temp 103
temp 103
temp 103
temp 103
temp 103
temp 103
temp 103
temp 103
51
55
58
61
64
67
70
74
77
80
83
86
89
93
96
99
102
105
109
112
115
901
904
251.92
252.13
252.61
251.79
252.13
252.61
251.80
252.51
252.35
251.90
252.51
252.36
251.94
252.65
252.03
252.29
252.63
252.12
252.31
252.56
252.16
260.00
260.00
52
56
59
62
65
68
71
75
78
81
84
87
91
94
97
100
103
106
110
113
116
902
905
251.80
252.50
252.34
251.88
252.51
252.34
251.88
252.66
251.93
252.24
252.65
251.97
252.21
252.61
251.92
252.26
252.60
252.03
252.50
252.46
252.24
260.00
260.00
distribution at t=30 min
1 262.54 2 261.83
4 262.03 5 262.44
7 263.26 8 262.89
10 262.76 11 261.71
13 262.14 14 262.74
16 263.80 17 263.52
20 261.69 21 261.72
23 262.92 24 263.87
26 263.83 27 262.91
29 261.66 30 261.71
32 262.91 33 263.87
35 263.90 37 262.89
39 261.70 40 262.09
42 263.83 43 264.21
45 262.96 46 262.84
48 261.69 49 262.02
51 263.72 52 264.13
55 262.79 56 261.56
58 261.97 59 262.71
61 263.91 62 263.97
64 262.74 65 261.53
67 261.93 68 262.60
70 263.68 71 263.82
74 261.52 75 261.68
77 262.51 78 263.13
53 251.88
57 252.66
60 251.91
63 252.23
66 252.66
69 251.92
73 252.15
76 252.61
79 251.82
82 252.17
85 252.61
88 251.86
92 252.52
95 252.38
98 252.00
101 252.52
104 252.42
107 252.08
111 252.61
114 252.30
117 252.38
903 260.00
906 260.00
3 261.73
6 262.80
9 262.49
12 261.72
15 263.54
19 262.91
22 262.19
25 264.17
28 262.91
31 262.16
34 264.20
38 261.63
41 262.88
44 263.98
47 261.59
50 262.82
53 263.99
57 261.69
60 263.51
63 262.75
66 261.68
69 263.31
73 262.63
76 261.89
79 263.47
103 80 263.63 81 262.57 82 262.52
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temp 103 83 261.51 84 261.67 85 261.85
temp 103 86 262.42 87 262.98 88 263.28
temp 103 89 263.46 91 262.43 92 261.51
temp 103 93 261.67 94 261.81 95 262.34
temp 103 96 262.84 97 263.11 98 263.31
temp 103 99 262.39 100 262.32 101 261.50
temp 103 102 261.66 103 261.77 104 262.25
temp 103 105 262.69 106 262.90 107 263.16
temp 103 109 262.04 110 261.53 111 261.63
temp 103 112 261.69 113 261.99 114 262.08
temp 103 115 262.41 116 262.28 117 262.02
temp 103 901 260.00 902 260.00 903 260.00
temp 103 904 260.00 905 260.00 906 260.00
